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ABSTRACT 
The density of asphalt mixture plays an important role in the performance of 
asphalt pavement. Compaction is critical for achieving the desired density during the 
construction of asphalt pavement. To ensure successful compaction, the density of 
asphalt pavement should be monitored in a timely manner, and the information should 
be fed back to the compactor operator to avoid under-compaction or over-compaction. 
This study proposes a technique based on ground penetrating radar (GPR) for 
monitoring the density of asphalt pavement during compaction continuously, non-
destructively, and in real time. 
The utmost challenge in developing this technique is to eliminate the effect of 
surface moisture, sprayed by the compactor during compaction, on GPR data. The 
increase of asphalt pavement density and surface moisture content can cause an 
increase in the amplitude of the reflection pulse in the GPR signals in time domain. To 
extract density information without the effect of surface moisture, numerical simulation, 
laboratory experiments, and field tests were conducted. 
First, the difference between the effect of surface moisture variation and the 
effect of density variation on GPR signal was investigated. Numerical simulation was 
performed using the finite-difference time-domain (FDTD) method to study the 
propagation of GPR wave within pavement structure. Both simulation results and 
laboratory experimental results revealed the fundamental difference between the two 
effects: In frequency domain, the high frequency components of the GPR pulse is 
sensitive to density variation and variation of surface moisture content, and the low 
frequency components are only sensitive to the density variation. The difference 
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between the two effects is referred to as the “frequency-selective effect” in this 
dissertation. 
Second, based on the findings of the “frequency-selective effect”, a “correction 
algorithm” was developed based on the “reference scan approach” to eliminate the 
effect of surface moisture and to extract density information. To develop and validate 
the algorithm, a full-scale test site was constructed with compaction pass number from 0 
to 10, and a large amount of GPR data was collected from the pavement with different 
surface moisture contents. A total of 22 cores were taken for validation purposes. After 
applying the algorithm, it was found that the average density prediction error was 
reduced from 3.1% to 0.9%, thus indicating the effectiveness of the algorithm. The GPR 
system was tested in a field construction site. The system successfully monitored the 
density change after each roller pass during compaction. The density estimation results 
obtained from GPR after the final compaction had higher accuracy than the density 
results obtained from the nuclear density gauge. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Widely used in pavement construction, asphalt concrete (AC) provides smooth 
and quiet driving. While well-constructed asphalt pavement provides good service 
quality over its lifetime with minimum maintenance, poorly constructed asphalt 
pavement usually exhibits premature distresses, such as rutting, cracking, and 
deformation and requires costly repair and rehabilitation. Among the various factors that 
affect the performance of asphalt pavement, the density, or the air void content of the 
asphalt mixture, plays an important role. In pavement engineering, the terms asphalt 
mixture density and air void content can be used interchangeably; the relation between 
the two terms is described in Section 2.1. Density that is either too high or too low can 
lead to premature pavement failure. 
During the construction of asphalt pavement, the asphalt mixture is laid on a 
bound or unbound base by the paver. The compactors then roll over the loose asphalt 
mat, expulsing the air voids from the asphalt mixture. The air-void content is reduced 
after each roller pass. Compaction is critical for achieving the desired density of asphalt 
pavement. The quality of newly constructed pavement depends largely on the quality of 
compaction during construction. 
1.2 Problem Statement 
To ensure successful compaction, it would be beneficial to develop a tool to 
monitor the change of asphalt pavement density after each roller pass. Because 
compaction is a continuous operation, the tool should be able to collect and interpret 
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data continuously, which means that the tool must not be in contact with the pavement. 
Assuming that such a tool exits, the operator of the compactor would be able to view the 
density formation in real time and adjust compaction parameters, such as vibration 
amplitude and frequency, rolling speed, number of rolling passes, sequence, and timing 
of the rolling passes. 
None of the current techniques can perform the aforementioned functions. The 
laboratory measurement of cores and density gauges, including nuclear and non-
nuclear density gauges, are considered two of the most commonly used methods for 
assessing the quality of compaction. However, both methods have limitations. Although 
the coring method provides accurate information about pavement density, it is 
destructive and only provides information at discrete locations. Furthermore, samples 
can be drilled only after compaction, which means that density information cannot be 
obtained during compaction. Nuclear or non-nuclear density gauges are non-destructive; 
however, the gauges must be in contact with the pavement surface, and data collection 
lasts several seconds to minutes. Similar to the coring method, density gauges provide 
information only at discrete locations and are incapable of providing real-time 
information. In addition, the nuclear density gauge uses radioactive material and thus 
requires special licensing to transport and operate, which entails increased operational 
costs.  
The ground penetrating radar (GPR) is a non-destructive testing (NDT) tool that 
has been successfully applied to estimate pavement thickness (1–9), locate anomalies 
beneath the pavement surface (10, 11), and estimate asphalt pavement density (12–14) 
by sending and receiving electromagnetic (EM) waves. The principle of GPR is 
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introduced in Section 2.4. One of the advantages of using air-coupled GPR is the 
continuous collection of data at highway speed without destructing pavement or 
disturbing traffic flow (3–6, 8, 12, 13). 
Previous research has indicated that GPR is a promising technique for 
monitoring the status of compaction during the construction of asphalt pavement (14, 
15). However, while asphalt pavement density is measured using GPR, the technique is 
only applied after construction when the asphalt pavement is dry. Few researchers have 
used GPR to monitor the density of asphalt pavement during compaction because of 
the challenge of the unknown effect of surface moisture on GPR signals (15). During 
compaction, the compactor sprays water on the drum to prevent the asphalt particles 
from sticking to the compactor’s roller, as shown in Figure 1-1. The water remaining on 
the pavement surface influences the GPR signal and increases the amplitude of the 
reflection pulse at the pavement surface. 
Figure 1-2 (a) depicts the procedure of density estimation using GPR data 
collected from dry pavement. The surface reflection amplitude is extracted from the 
GPR signal, and the dielectric constant value is obtained. The introduction of dielectric 
constant calculation is included in Section 2.4. By applying density model, the density of 
the pavement is then obtained. However, when surface moisture exists during 
compaction, the GPR data collected from wet pavement contains higher surface 
reflection amplitude, thus resulting in higher dielectric constant value, as shown in 
Figure 1-2 (b). By applying density model, the density of the AC is overestimated. 
Therefore, the effect of surface moisture on the GPR signal poses a significant 
challenge which prevents the direct application of density estimation model. This effect 
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has to be eliminated to allow for the accurate estimation of AC density using GPR 
during the construction of asphalt pavement. 
 
Figure 1-1 Compactor sprays water on the roller during compaction. 
 
5 
 
GPR Data on Dry 
Pavement
Surface Reflection 
Amplitude
Dielectric Constant of 
AC
Density of AC
Density Model
 
GPR Data on Wet 
Pavement
Increased Surface 
Reflection Amplitude
Increased Dielectric 
Constant of AC
Over Estimated 
Density of AC
Density Model
 
(a)       (b) 
Figure 1-2 Effect of surface moisture on estimated density of asphalt pavement from 
GPR signal: (a) density estimation procedure on dry pavement; (b) density estimation 
procedure on wet pavement. 
 
1.3 Research Objective and Approaches 
The objective of this research is to develop algorithms to process and interpret 
the GPR data collected from asphalt pavement during compaction and to obtain density 
information after each roller pass. To achieve this objective, the research efforts focus 
on addressing the challenge of eliminating the effect of surface moisture on GPR signal 
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which has been investigated through different approaches, including numerical 
simulation and laboratory experiments. Signal processing techniques are used to 
eliminate the effect of surface moisture on GPR signal. The algorithms developed in this 
study aim to “correct” the GPR signal collected from the wet pavement surface in order 
to resemble the signal collected from dry pavement. The dielectric constant and the 
density of the asphalt mixture will then be obtained. GPR data are collected from both 
laboratory experiments and field construction sites to validate effectiveness of the 
algorithms. 
The ultimate objective of this study is to integrate the GPR system with the 
compactor and other sensors, including global positioning system (GPS), accelerometer, 
and infrared sensor, to monitor the density change in real time during compaction. 
Further improvement can be made to achieve automatic adjustments of compaction 
parameters, such as vibration amplitude, frequency and rolling speed, to optimize the 
compaction efforts. This cannot be done without accurate measurement of density in 
real time. The research efforts presented in this dissertation is critical to achieve real 
“intelligent compaction”.  
1.4 Organization of the Dissertation 
This dissertation consists of five chapters. Chapter 1 presents the background of 
the research and an introduction of the research objectives and approaches. Chapter 2 
presents the current state of knowledge on various techniques for compaction 
monitoring during the construction of AC; the principle of GPR technology and its 
application for estimating the density of AC are also introduced in this chapter. Chapter 
3 describes the detailed research approaches, including numerical simulation, 
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laboratory experiments, and field tests. Chapter 4 details the data processing and 
interpretation of the GPR data generated from numerical simulation, laboratory 
experiments, and field tests; algorithms are developed in this chapter in order to achieve 
the research objectives defined in Chapter 1. Finally, Chapter 5 presents the findings, 
conclusions, and recommendations for further study. 
1.5 Significance of the Research 
Currently, most states in the U.S. are applying a “pay-for-performance/quality” 
mode for pavement construction. Contractors strive to achieve the required pavement 
layer density to avoid payment adjustments. An owner’s failure to achieve the required 
density may result in a reduction in the pavement service life. Developing a tool for 
monitoring the density of AC during compaction can effectively and efficiently help 
achieve the required pavement density, which is beneficial for both contractors and 
owners. 
In a new application of GPR, the tool will be deployed to enhance the quality of 
compaction and ultimately improve the quality of newly constructed asphalt pavement. 
This dissertation addresses the utmost challenge of this application, which is the 
elimination of the effect of surface moisture on GPR signal during compaction. The 
algorithms developed in this dissertation will enable the pavement compactor operator 
to monitor the density change before and after each roller pass. With further 
development based on the outcome of this dissertation, the GPR system can be 
integrated with an intelligent compactor to monitor asphalt concrete density continuously, 
in real time, and without the effect of asphalt mat temperature. This will allow the 
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compactor operator to adjust compaction parameters, such as vibration amplitude and 
frequency, for optimizing layer compaction and achieving the desired density.  
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CHAPTER 2 RESEARCH BACKGROUND 
2.1 Density of Asphalt Mixture 
The density of the asphalt mixture is critical to the performance of flexible 
pavement. In pavement engineering, the terms asphalt mixture density and air void 
content are used interchangeably. They are related by the following equation (16): 
)(100
mm
mbmm
a
G
GG
V


 
(2-1) 
where 
a
V  is the air void content in percentage (%), Gmm is the theoretical 
maximum specific gravity of asphalt mixture, and Gmb is the lab-measured specific 
gravity of the asphalt mixture. The specific gravity is equal to the density of the asphalt 
mixture divided by the density of water at 4°C (39.2°F) and has a known value of 1g/cm3 
(62.4 lb/ft3). Thus, Gmm and Gmb are dimensionless quantities that are numerically equal 
to the maximum density and bulk density of the asphalt mixture, respectively. 
Various research studies have been conducted to study the effect of air void 
content on the performance of asphalt pavement (17–19). It is generally concluded that 
the in-place air void content should remain within an acceptable range. High air void 
content leads to moisture damage, binder oxidation, and pavement raveling and 
cracking (17). In dense-graded mixtures with air void content exceeding seven percent, 
a one-percent increase in the air void content could reduce pavement service life by ten 
percent (18). On the other hand, low air void content generally leads to higher mixture 
stiffness and lower rutting potential (17). However, if the air void content in a dense-
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graded asphalt mixture drops below three percent, significant permanent deformation 
and shoving may occur (17, 19). 
The in-place density of new asphalt pavement depends primarily on two factors: 
mixture design and compaction. Asphalt mixture design comprises the selection of 
aggregate, binder, and the optimum combination of the two components. The density 
may be affected by several factors, including the gradation, shape, and fractured faces 
of aggregate as well as the chemical and physical properties and the amount of asphalt 
binder. Compaction is another important factor for achieving the desired asphalt 
pavement density. The impact of compaction on the density of asphalt pavement is 
discussed in Section 2.2. 
2.2 Compaction of Asphalt Pavement 
During construction, the densification of asphalt pavement is achieved by 
compaction after the asphalt mixture mat is placed. During compaction, the volume of 
the air void is reduced and the unit weight of the mixture is increased (19). 
Asphalt mixtures consist of asphalt binder, aggregate, and air void. During 
compaction, the air is expulsed by an external force that enables the mixture to occupy 
a smaller space (19). The aggregate particles, which are coated by asphalt binder, are 
reoriented as the binder flows under the external compaction forces. The aggregate 
particles rotate and slide, and the shearing of binder occurs at the binder-aggregate 
interfaces, until both internal and external forces reach an equilibrium within the mixture 
(20).  
The factors affecting compaction include the thickness of asphalt mixture layer, 
properties of the underlying material, vibration magnitude and frequency of the vibratory 
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compactor, pattern of the compaction, and environmental conditions, such as 
temperature, at the time of construction (19, 21). 
Brown et al. (22) found that the density of the asphalt mixture obtained through 
compaction is related to the ratio of lift thickness, t, and the nominal maximum 
aggregate size (NMAS). To increase compatibility, Brown et al. recommended that the 
t/NMAS ratio be at least three for fine-graded mixes and four for coarse-graded mixes. 
In addition, they found that the faster the cooling of thin lift mixes, the lower the density 
results. 
With regard to the mechanism of asphalt compaction, Masad et al. (23) proposed 
an automated image analysis procedure for analyzing the internal structure after 
laboratory compaction. The procedure resulted in revealing the aggregate orientation, 
aggregate contacts, and air void distribution. The study compared the internal structure 
of asphalt mixture specimens compacted by the Superpave gyratory compactor (SGC) 
with the structure of the specimens compacted by the linear kneading compactor (LKC). 
It was found that the aggregate of specimens compacted with SGC had preferable 
orientation and fewer contacts compared with the LKC specimens. Furthermore, the 
distribution of the air void also differed in both compaction methods.  
Finite element models have been developed to study the compaction of asphalt 
pavement. Xia and Pan (2011) developed a three-dimensional finite element model to 
simulate vibratory compaction, thus showing that the greatest densification took place 
during the 1st roller pass while the subsequent roller passes provided diminishing gains 
in density. The authors also found that the vibratory compactor resulted in better 
compaction compared with the non-vibratory compactor. 
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2.3 Current and Emerging Techniques for Pavement Compaction Monitoring 
During asphalt pavement construction, pavement density tests should be 
conducted to ensure that the prescribed level of density is achieved. Current test 
methods include the laboratory measurement of cores drilled from pavement, which is a 
destructive testing approach, and the in-place density measurement using a nuclear 
density gauge or non-nuclear density gauge. In addition, the intelligent compaction 
technique has recently gained attention. The infrared thermography technique has also 
been used in the asphalt paving process. Each of these techniques is briefly introduced 
hereafter. 
2.3.1 Coring 
The traditional method used for obtaining density information of asphalt 
pavement is the laboratory measurement of cores. This requires the extraction of cores 
from the pavement, as shown in Figure 2-1. The diameter of the core ranges between 4 
in and 6 in (100 mm and 150 mm). 
 
Figure 2-1 Core extraction from asphalt pavement. 
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After extraction, the cores are measured in the laboratory. Several methods are 
used to determine the density of field cores in the laboratory. The saturated surface dry 
(SSD) method is commonly used to obtain the Gmb value (24, 25). Other methods 
include the Corelok (26) and the paraffin and parafilm methods (27, 28). The SSD 
method is considered more accurate for cores with low air void content and less 
accurate for cores with high air void content, such as the cores with air void content 
exceeding 8 to 10 percent. For cores with high air void content, the Corelok method is 
used to obtain more accurate results. 
Although the laboratory measurement of extracted cores is the most accurate 
method for obtaining density information of asphalt mixtures, this method has its own 
disadvantages; it is destructive, time consuming, and costly. 
2.3.2 Nuclear Density Gauges 
The nuclear density gauge is a NDT method widely used for the in-place 
measurement of asphalt pavement density. Figure 2-2 depicts the use of nuclear 
density gauges for checking the density of asphalt pavement. The principle of the 
nuclear density gauge is based on the interaction of gamma radiation with matter. 
Gamma rays, which are emitted from a gamma source such as Cesium-137 at the end 
of a retractable rod, interact with the electrons in the pavement. A detector counts the 
number of received gamma rays and translate it to the pavement density (29). 
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Figure 2-2 Use of nuclear density gauge on measuring asphalt pavement density. 
 
Compared with the coring method, the nuclear density gauge saves time and 
effort. However, the gauges involve a variety of challenges, including the use of 
radioactive materials, which present potential health risks to operators and the public, 
and require licensing, certification, and special handling during operation and storage, 
which renders this method a costly choice. In addition, the nuclear density gauge 
measures the density at discrete locations only and therefore it fails to comprehensively 
represent the density of the compacted asphalt mat.  
2.3.3 Non-nuclear Density Gauges 
The recently developed non-nuclear density gauge has the advantage of being 
free of radioactive materials. This method, therefore, does not require stringent training 
or licensing for the operation of the gauge. The non-nuclear density gauge uses EM 
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waves to measure the density of asphalt pavement. It measures the change in the EM 
field when an electrical current is transmitted through the asphalt pavement. The 
dielectric constant value is obtained based on the impedance of the asphalt material to 
the electric flow. The density of pavement is obtained from the dielectric constant value 
based on the relationship between the dielectric constant and the density of asphalt 
pavement.  
There are mainly two types of non-nuclear density gauges: Pavement Quality 
IndicatorTM (PQI TM), which was developed by TransTech, Inc. (30), and PaveTrackerTM, 
which is currently marketed by Troxler Electronic Laboratories Inc (31). Figure 2-3 (a) 
shows PQI model 301 non-nuclear density gauge, and Figure 2-3 (b) shows 
PaveTracker model 2701-B non-nuclear density gauge. 
  
(a)      (b) 
Figure 2-3 Non-nuclear density gauge: (a) PQI model 301; (b) PaveTracker model 
2701-B (32). 
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Since the invention of non-nuclear density gauges, continuous improvements 
were made to eliminate measurement errors. The accuracy of non-nuclear density 
gauges measurement results, which are affected by a number of factors,  is not as good 
as the results of the coring and nuclear density gauge methods (32). For instance, the 
readings of non-nuclear density gauges are significantly affected by moisture. Sargand 
et al. (33) reported that gauge readings decreased appreciably with the increase in 
surface moisture and increased in presence of internal moisture. The accuracy of 
density measurement could drop significantly if it is used during the compaction process 
in presence of roller-sprayed water on the pavement surface. Although non-nuclear 
density gauges collect data within a few seconds, which is much faster than the nuclear 
density gauge, they are considered sport test methods and therefore require surface 
contact with the pavement. Thus, the gauges cannot provide continuous measurement 
with the moving compactor.  
2.3.4 Intelligent Compaction Technology 
An emerging technology, intelligent compaction (IC) refers to the compaction of 
road materials, such as soil, aggregate base, and asphalt pavement using an in-situ 
measurement system and feedback control (34). IC techniques are based on the effect 
of the compacted pavement stiffness on the vibration of the roller (35). IC rollers are 
usually equipped with various types of sensors for data collection. For example, a GPS 
is used to collect information about the roller’s location. Compaction meters or 
accelerometers are mounted on the roller to measure the effort, frequency, and 
response of the compacted material. The integration of the measurements, documents, 
and control system allows real-time monitoring of the compaction process and 
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adjustment of the compaction operation. Figure 2-4 shows the status of compaction 
monitoring with the compaction information system installed on a Sakai asphalt IC roller. 
 
Figure 2-4 Compaction information system on a Sakai asphalt IC roller (36). 
 
However, the IC technique has limitations. For instance, the correlation between 
the IC measurement and the asphalt pavement density is low (34) because the 
technique is based on measuring the stiffness of the pavement system, which is 
affected by various factors, including the pavement temperature, conditions of 
underlying layers, and amplitude and frequency of the roller vibration (34). 
Consequently, the increase in stiffness might be the result of other factors, such as a 
reduction in temperature rather than an increase in density. 
2.3.5 Infrared Thermography 
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Temperature is considered an important factor affecting the compaction of 
asphalt pavement. The viscosity of the asphalt binder increases when the temperature 
drops and the asphalt mixture becomes difficult to compact. Cooler areas, which are 
usually developed during transportation of the material from plant to the job site, may 
have inadequate compaction and, therefore, develop lower density. The isolated low-
density areas are characterized with low strength, reduced fatigue life, and moisture 
damage (37). Therefore, the temperature of the asphalt mat should be monitored during 
construction. Temperature differentials greater than 13.9°C (25°F) may cause 
compaction problems (38). Thermal segregation should be detected during the paving 
process to allow proper modifications in a timely manner. 
Infrared thermography is applied to detect temperature variations on the 
pavement surface when the asphalt mixture is laid down. Figure 2-5 shows the Pave-IR 
system manufactured by the MOBA Automation Corp. Figure 2-5 (a) shows the setup of 
a thermal sensor beam, where 12 thermal cameras are mounted on an aluminum 
support bar. The thermal sensor beam measures the temperature across the pavement 
behind the paver. Temperature readings, in addition to other parameters, such as speed 
of the paver and GPR coordinates, are displayed on a multi-color screen so the 
operator can visually monitor the temperature and observe temperature segregations. 
Figure 2-5 (b) shows the newly developed setup of an infrared thermal scanner 
mounted above the paver deck. The new system can also generate the temperature 
profile covering the width of the pavement. 
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(a)      (b) 
Figure 2-5 Pave-IR system mounted on the paver: (a) Pave-IR system with temperature 
sensor beam; (b) new Pave-IR system with infrared scanner above paver deck (39). 
 
2.4 The Principle of Ground Penetrating Radar (GPR) 
Ground penetrating radar is a NDT tool that has been successfully applied for 
decades for infrastructure assessment. The application of GPR in pavement 
engineering focuses on the measurement of thickness and the detection of anomalies 
beneath the surface. Recently, GPR has been applied for estimating asphalt pavement 
density (12–14, 40). This chapter introduces the principle of GPR and presents a review 
of density estimation using GPR. 
2.4.1 GPR Systems 
The main components of a GPR system include: control unit, antennas, distance 
measuring instrument (DMI), and optional global navigation satellite system (GNSS). 
Figure 2-6 shows a GPR control unit, SIR-20 system, manufactured by Geophysical 
Survey Systems, Inc. (GSSI). Figure 2-7 shows the components of a vehicle-mounted 
Infrared Sensor Beam 
Display 
Infrared 
Scanner 
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GPR system. Two antennas are mounted on the back of the vehicle. DMI is mounted on 
the back wheel. A GPS receiver is mounted on top of the vehicle. 
During the GPR survey, the SIR-20 system sends the signal to the antennas. 
The transmitting antenna emits EM waves into the ground, and the receiving antenna 
collects the EM waves scattered back by the ground. The EM wave is translated to 
signals, and the signals are displayed on the SIR-20 system laptop screen, as shown in 
Figure 2-6. The signals are analyzed to obtain information about the structure and 
materials, such as layer thickness and subsurface defects. The DMI and GPS devices 
are connected to the SIR-20 system to control the emission of the EM wave; the 
devices incorporate distance and location information with the GPR data. 
 
Figure 2-6 Control unit of a GPR system. 
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Figure 2-7 Components of a vehicle-mounted air-coupled GPR system. 
 
Depending on the way the antennas are deployed, GPR antennas can be 
grouped into two categories: 1) air-coupled antennas; and 2) ground-coupled antennas. 
An air-coupled antenna is installed at a specific height, usually 6 in to 24 in (0.15 m to 
0.50 m) above the ground surface, as shown in Figure 2-7. An air-coupled GPR system 
can collect GPR data at high speed without any contact with the ground. For pavement 
survey, the speed can be as high as highway speed (up to 96 km/h or 60 mph), and the 
survey can be done without interrupting traffic. Figure 2-8 depicts a ground-coupled 
GPR antenna on top of a concrete slab. The ground-coupled antenna system is in full 
contact with the surface of the surveyed objects. Thus, the speed of data collection in 
ground-coupled antennas is lower compared with the air-coupled antennas.  
Air-coupled antenna 
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(a)       (b) 
Figure 2-8 Ground-coupled antenna: (a) top view; (b) side view. 
 
Based on the number of antennas, GPR antennas can be grouped into 
monostatic (a single antenna is used as a transmitter and receiver), bistatic (one 
antenna is used as a transmitter and another as a receiver), or multistatic (a single or 
multiple antennas are used as transmitters and multiple antennas are used as 
receivers). The antennas shown in Figure 2-6 and Figure 2-7 are bistatic antennas. 
Based on the signals emitted by the GPR system, there are mainly two types of 
signals used by commercial GPR systems: pulse (or impulse) signals and step-
frequency signals. For civil engineering applications, range information such as 
pavement thickness and rebar depth is usually of interest. A signal with ultra-wide 
bandwidth (UWB) is preferred because, with its short duration in time domain, it is 
easier to set time markers representing the interfaces or inhomogeneities in the 
received signal. A broadband pulse is generated by two methods: the time domain 
impulse method and step-frequency method (41). 
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The time domain impulse is the most commonly used method for generating 
UWB signal in GPR systems. A typical impulse signal is shown in Figure 2-9. The signal 
is collected using air-coupled antennas. The first pulse is the coupling pulse, which isthe 
EM wave travelling directly from the transmitter to the receiver. For air-coupled 
antennas, the coupling pulse does not contain information about the pavement and is, 
therefore, usually discarded. The second pulse, which is the largest pulse in the entire 
signal, is the pulse reflected at the pavement surface. The third pulse is at around 7.5 
ns in the reflection pulse from another interface. These two pulses serve as time makers 
representing the interfaces for easy interpretation. 
 
Figure 2-9 GPR signal collected from pavement using air-coupled antennas. 
 
The recently developed 3D-Radar GPR system by 3D-Radar AS in Norway uses 
the step-frequency technique to generate broadband signals. Figure 2-10 depicts the 
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main components of the 3D-Radar system: antenna array, GeoScope radar unit (control 
unit), operator computer, survey wheel with DMI, and optional GPS. The components 
are similar to the GSSI radar. Instead of using single antenna unit, 3D-Radar GPR uses 
an antenna array. Figure 2-11 shows the alignment of antenna elements inside the 
antenna array. There are 11 transmitting elements (represented by “T”) and 11 
receiving elements (represented by “R”). Each antenna element in the antenna array 
can transmit or receive EM waves. Altogether, the elements can generate 21 survey 
points. 
 
Figure 2-10 Operation principle of 3D-Radar GPR system (42). 
 
 
Figure 2-11 Antenna array with 21 channels(43). 
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The concept of step frequency is shown in Figure 2-12. To generate a broadband 
signal, the system swipes the bandwidth with one frequency at each step. As shown in 
Figure 2-12 (a), dwell time is the time duration for one frequency. Frequency step is the 
size of the increase in frequency at each step. 3D-Radar generates waveforms from 
100 MHz up to 3 GHz with as much as 1500 frequencies. The GPR system receives 
data in frequency domain by recording the amplitude and phase of each frequency. By 
applying inverse Fourier transform, data is transferred into time domain. An example of 
the time domain response is shown in Figure 2-12 (b). One of the advantages of using 
step-frequency technique is the ability to attain a higher signal-noise ratio because of 
the narrowband electronics. In addition, the step-frequency technique provides stable 
signal sources, thus resulting in increased measurement accuracy and stability (41, 44). 
However, the disadvantage of using step frequency is that data collection time 
increases because of the addition of dwell time over the swiped frequencies. This could 
raise concerns when collecting data at high speed. 
 
 
(a)       (b) 
Figure 2-12 Step-frequency signals: (a) step-frequency signal; (b) time domain 
response (45) . 
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For GPR systems, the selection of antenna frequency is of great importance. The 
frequency of the GPR wave affects the resolution and penetrating depth of the GPR 
system. A signal with a higher frequency has higher resolution and lower penetration 
depth. A signal with lower frequency provides greater penetration depth and lower 
resolution. For pavement applications, air-coupled antennas with 1 GHz and 2 GHz 
center frequencies have sufficient penetration depth (3 ft or 0.9 m for 1 GHz; 2.5 ft or 
0.75 m for 2 GHz) and sufficient resolution (being able to distinguish interfaces of 
different layers). Furthermore, air-coupled antennas can collect data at high speed 
without contacting the pavement or disrupting the traffic and are therefore preferred for 
pavement survey. 
2.4.2 Propagation of Electromagnetic Wave 
The propagation of the EM wave within a medium is governed by Maxwell’s 
equations and constitutive relations. Maxwell’s equations relate the electric field and 
magnetic field to the sources, i.e., electric charges and currents. Maxwell’s equations 
have different forms. In a continuous medium, Maxwell’s equations can be expressed in 
differential form: 
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t

   

B
E  (Faraday’s law) (2-2) 

   

D
H J
t
 (Maxwell-Ampère law) (2-3) 
  D  (Gauss’ law) (2-4) 
0  B  (Gauss’ law-magnetic) (2-5) 
where  is the curl operator,   is the divergence operator, E  is the electric 
field intensity (volts/meter), H  is the magnetic field intensity (amperes/meter), D  is the 
electric flux density (coulombs/meter2), B  is the magnetic flux density (webers/meter2), 
J is the electric current density (amperes/meter2), and  is the electric charge density 
(coulombs/meter3).  
The constitutive relations define the effect of the medium on the EM fields, which 
are affected by the medium as a result of electric polarization, magnetic polarization, 
and electric conduction (46). The constitutive relations can be described by the following 
equations: 
D E  (2-6) 
B H  (2-7) 
J E  (2-8) 
where  is the permittivity of a medium (farads/meter),   is the permeability of a 
medium (henries/meter), and   is the conductivity of a medium (siemens/meter). 
When applying GPR on asphalt pavement, the following assumptions are made 
regarding pavement mediums to simplify the analysis: 
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 Homogeneous: Asphalt mixtures consist of aggregate particles, asphalt 
binder, and air void. Aggregate particles are usually much smaller than 
the wavelength of the GPR wave. The internal scattering of EM waves is 
negligible. Therefore, it can be considered a homogeneous medium 
where        . 
 Isotropic: The direction of D  is parallel to that of E , and the direction of 
B  is parallel to that of H . 
 Non-dispersive: For a frequency range exceeding 0.5 GHz, which is the 
case for most GPR systems used in pavement surveys, the permittivity 
and permeability do not vary significantly. So, the values of  and   are 
considered independent from the frequency of the field. 
 
The medium can be grouped into several categories based on conductivity. The 
medium is perfect dielectric or insulator when σ=0, perfect electric conductor (PEC) 
when σ→∞, and lossy medium when σ has a non-negligible finite value. In GPR 
surveys, a copper plate is used as a reflector to obtain the complete reflection signal. 
Copper plates are good conductors and are usually considered as PECs. Asphalt 
pavement has limited conductivity. In most GPR data analysis approaches, the material 
is considered as lossless. Lahouar (47) compared the thickness measurement results 
for lossy and lossless layers and noticed a similarity between both measurements. 
However, conduction represents one loss mechanism only. The other mechanism is 
polarization and magnetization when the medium is exposed to a time-varying EM field. 
This loss mechanism is characterized by the imaginary parts of permittivity and 
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permeability. But for asphalt pavement, polarization and magnetization losses are even 
smaller than conduction loss and are therefore neglected. 
For a uniform plane wave, the phase velocity of the wave is given by the 
following:  
 



p
v  (2-9) 
where 
p
v  is the phase velocity (meter/sec),   is the angular frequency (rad/sec), 
and   is the phase constant (rad/meter). 
For a lossless medium,     . The Equation (2-9) becomes Equation 
(2-10): 
1


p
v  (2-10) 
The group velocity of the wave is given by Equatoin (2-11): 




g
v  for 0   (2-11) 
where   is vanishing small, and 
g
v  is the group velocity. 
For a lossless and non-dispersive medium,     and  and  are 
independent of frequency. Equation (2-11) can be re-written as Equation (2-12): 
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  (2-12) 
In this case, the group velocity is equal to the phase velocity. 
For vacuum, the permeability is 7 6
0
4 10 1 256637061 10.         H/m, 
and the permittivity is 12
0
8 854187817 10.     F/m. Thus, the phase velocity and 
group velocity are the same as the speed of light:  
8
0 0
1
2 997925 10.
 
   
p g
v v  m/s (2-13) 
For lossless materials such as asphalt pavement material, permittivity and 
permeability can also be written as Equations (2-14) and (2-15): 
0
  
r
  (2-14) 
0
  
r
  (2-15) 
where 
r
 is the relative permeability normalized with the permeability of vacuum, 
and 
r
 is the relative permittivity normalized with the permittivity of vacuum. 
For most of the material in reality, the value of 
r
is 1, where c represents the 
speed of light, and the group and phase velocity of the EM wave within the medium is: 
1
 
  
p g
r
c
v v  (2-16) 
In GPR applications, the pavement system is considered a flat-layered system. 
When the EM wave encounters interfaces of the layered system, part of the EM wave 
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energy is reflected back and part of the energy is transmitted through the interface into 
another medium. Portions of the reflected wave and transmitted wave are characterized 
by reflection coefficient and transmission coefficient. 
For the planner-layered medium shown in Figure 2-13, the region is divided by 
the interface which coincides with the xy-plane. The medium in Region 1 in the half-
space z<0 has permittivity ε1 and permeability μ1. The medium in Region 2 in the half-
space z>0 has permittivity ε2 and permeability μ2. Figure 2-13 (a) depicts the reflection 
and transmission of transvers electric (TE) wave or perpendicular wave, and Figure 
2-13(b) depicts the reflection and transmission of transvers magnetic (TM) wave or 
parallel wave. 
 
(a)       (b) 
Figure 2-13 Oblique reflection and transmission from a flat interface: (a) TE mode; (b) 
TM mode (47). 
 
The reflection and transmission coefficients for TE and TM mode waves are: 
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where 

R  is the reflection coefficient for TE wave, T

  is the transmission 
coefficient for TE wave, R
‖
  is the reflection coefficient for TM wave, 
‖
T  is the 
transmission coefficient for TM wave, θi is the angle of incident field, which is known, θt 
is the angle of the transmitted wave, and η1 and η2 are the impedance of Medium 1 and 
Medium 2, respectively, which are defined as follows:  
1
1
1



   (2-21) 
2
2
2



  (2-22) 
The angles of incident wave θi, reflected wave θr, and transmitted wave θt satisfy 
the phase matching equations: 
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Because 1 1 1    and 2 2 2    , the following equations are obtained: 
 
i r
    (2-24) 
1 1
2 2
sin
sin
t
i
  
  
   (2-25) 
Equations (2-24) and (2-25) are known as Snell’s laws of reflection and refraction.  
2.4.3 Calculation of Dielectric Constant 
The most important material property in GPR applications is relative permittivity, 
or the dielectric constant. Figure 2-14 depicts a typical EM reflection from a layered 
pavement structure. The dielectric constant of the asphalt surface layer, εAC, is 
calculated using the amplitudes of the reflected pulses, as shown in Equation (2-26):  
 
 
Figure 2-14 Typical GPR signal for a layered asphalt pavement. 
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where εAC  is the dielectric constant of the asphalt mixture in the surface layer, Ao 
is the amplitude of surface reflection, and Ap is the amplitude of the incident signal. Ap is 
measured by placing a copper plate under the antenna because copper reflects the 
GPR signal perfectly and will therefore reflect the GPR wave energy back to the 
receiving antenna. 
It is extremely important to acquire the dielectric constant value of asphalt 
pavement layer for many GPR applications. To measure the thickness of asphalt 
pavement, for example, the dielectric constant value is needed for calculating the 
traveling speed of EM wave within the surface layer. To estimate the density of the AC 
layer, the dielectric constant value is used as an input of the density model for obtaining 
the density of the AC layer. 
2.5 Applications of GPR on Asphalt Pavement Assessment 
GPR has been applied on assessing asphalt pavement for different purposes. 
Two GPR applications are presented in this section, including thickness measurement 
and density estimation. 
2.5.1 Thickness Measurements 
The measurement of asphalt pavement layers thickness is the most common 
application of GPR in pavement engineering. Using the air-coupled GPR system, GPR 
survey can be conducted on pavement at high speed. The dielectric constant of the 
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asphalt surface layer can be calculated using Equation (2-26). The thickness of the 
surface layer can be calculated using: 
2 
 AC
AC
AC
ct
d  (2-27) 
where dAC is the thickness of the surface layer, and tAC is the two way traveling 
time of EM wave between the pavement surface and the bottom of the surface layer, as 
shown in Figure 2-14. 
The thickness of the base layer is also obtained by determining the dielectric 
constant of the base layer and the traveling time within the layer. The dielectric constant 
of the base layer is calculated as follows:  
2
 
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base AC
F R
ε ε
F R
 (2-28) 
where εbase is the dielectric constant of the base layer, F is the factor defined as 
4
1


AC
AC
ε
F
ε
, and R is the ratio of the maximum reflected amplitude from the top of the 
base layer to the maximum amplitude from the top of the AC surface layer. 
For newly constructed asphalt pavement, the error of the thickness measurement 
using GPR ranges from 2% to 5%, as reported in various studies (4–6, 8, 48). The 
accuracy of thickness measurement for aged pavement is usually lower compared with 
that for new pavement because new pavement has relatively uniform material 
properties throughout the depth. The error of thickness measurement using GPR on 
aged pavement ranges from 3.8% to 12% (7, 49). While the air-coupled GPR system is 
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successfully applied for measuring the thickness of asphalt pavement, the 
measurement of concrete pavement thickness using air-coupled GPR is unsuccessful. 
This failure is attributed to the high attenuation of the EM wave within concrete material 
and the low contrast of the dielectric constant values between concrete material and 
base material (50, 51). 
2.5.2 Asphalt Pavement Density Estimation Using GPR 
The dielectric constant of the AC layer is related to the density of the asphalt 
mixture. Researchers have attempted to develop models for estimating the density 
based on the dielectric constant values obtained from GPR measurements. There are 
two types of density estimation models: The empirical model and the density estimation 
model. 
The empirical model is based on a simple regression relationship between the 
asphalt mixture density or air void content and the dielectric constant. An example of the 
empirical model is the exponential relationship between the dielectric constant and air 
void content (52–54): 
,.
 
 r AC
b
a
V a e  (2-29) 
where 
a
V  is the air void content of the asphalt mixture in percentage (%), a and b 
are the parameters obtained through calibration, and 
,r AC
  is the dielectric constant of 
AC. This model is simple and easy to use; however, the relationship lacks physical 
meaning and theoretical support. Parameters a and b vary from one project to another 
depending on the extracted cores. 
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The density estimation model is based on EM mixing theories. Al-Qadi et al. (12) 
compared three EM mixing models, the complex refractive index (CRIM) model, the 
Rayleigh mixing model, and the Böttcher mixing model. The same authors developed 
the Al-Qadi Lahouar Leng (ALL) model to estimate the bulk specific gravity of the 
asphalt mixture from its dielectric constant (13, 14, 40):  
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(2-30) 
where 
mb
G  and mmG  are the bulk and maximum specific gravities, respectively, of 
the asphalt mixture, 
se
G  is the effective specific gravity of the aggregate, bP is the binder 
content, 
b
 , 
s
  and 
AC
  are the dielectric constant of the binder, the aggregate, and the 
asphalt mixture, respectively. 
Compared with the exponential relationship, the ALL model has physical 
meaning, is theoretically supported, and describes the relationship of density and 
dielectric constant better than the exponential relationship. Although additional 
parameters are introduced in the ALL model, those parameters are obtained before 
construction of the asphalt pavement, except for the dielectric constant of aggregate
s

which is obtained either from the back calculation of core data or from a database. 
Based on the ALL model, the density estimated using GPR is more accurate for asphalt 
pavement than the density estimated using the nuclear density gauge for asphalt 
pavement without slags (14, 40).  
38 
 
2.6 Summary 
Monitoring the compaction status during the construction of asphalt pavement 
can help achieve the desired density. Achieving the prescribed density is extremely 
important for the performance of the asphalt pavement. All the current techniques for 
density measurement and compaction monitoring have disadvantages. GPR is a 
promising technique which can potentially be applied on monitoring the density of 
asphalt pavement during compaction continuously, rapidly, non-destructively and in real 
time. The ALL density model can be used to convert GPR data into density values of 
dry asphalt pavement. In order to further apply GPR on compaction monitoring, the 
effect of surface moisture on GPR data should be investigated and eliminated before 
the application of ALL density model. This defines the main objective of this research 
study. The detailed research approaches and results are presented in the following 
chapters. 
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CHAPTER 3 RESEARCH APPROACHES 
The objective of this research is to develop algorithms for generating density 
information through the interpretation of GPR data collected during the compaction of 
asphalt pavement. Surface moisture is the most critical factor affecting GPR 
measurements that needs to be investigated. The subgrade condition and pavement 
temperature affect the measurements of IC technology but do not have effect on GPR 
measurements. In a GPR signal collected from asphalt pavement, only the value of 
surface reflection amplitude, A0, was used to calculate the dielectric constant and the 
density of asphalt mixture, as shown in Figure 2-14. The base and subgrade layers do 
not have any influence on the surface reflection amplitude and, thus, do not affect the 
results of density estimation. Furthermore, the temperature sensitivity of GPR signal 
was investigated by Leng et al. (14).  
Figure 3-1 depicts the surface reflection amplitude in GPR signal of an asphalt 
pavement at different temperatures. Except for some random fluctuations, the reflection 
amplitude remained constant when the temperature dropped from 88°C to 32°C (190°F 
to 90°F). The temperature effect on GPR signal was ignored when estimating the 
density of the asphalt mixture. 
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Figure 3-1 Relationship between the amplitude of GPR signal reflection and 
temperature (14). 
 
The effect of surface moisture on GPR signal during compaction was 
investigated for two reasons: 
 The effect of roller-sprayed water remaining on asphalt pavement on GPR 
signal is not extensively researched in existing literature; 
 Water has a dielectric constant of 81 which is significantly higher than the 
dielectric constant of asphalt mixture, which is usually smaller than 10. 
Thus, even a minimal amount of surface water might have a significant 
impact on the GPR signal. 
To achieve the research objective, the following research tasks were conducted:   
 Investigation of the effect of asphalt pavement density variation on GPR 
signals 
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 Investigation of the effect of surface moisture content variation on GPR 
signals 
 Investigation of the difference between the two effects 
 Development of algorithms for eliminating the effect of surface moisture 
variation while keeping the effect of density variation and for extracting the 
density information of asphalt pavement accurately. 
The research tasks were accomplished through a comprehensive set of research 
approaches including numerical simulation, laboratory experiments, and field tests.  
 
Numerical Modeling 
Numerical modeling is a process that emulates a physical system or physical 
phenomena. In this research, numerical modeling of the propagation of GPR wave in 
pavement system was performed. Numerical modeling is preferable to physical 
experiments because it is considered an effective approach for solving inverse 
problems. GPR data interpretation is an inverse problem because the observed 
measurements are converted to information about a physical object. Understanding 
wave propagation within the medium is important for data interpretation. A forward 
process, simulation of GPR wave propagation could reveal the underlying properties of 
the physical phenomena and provide useful insights into the inverse problem. The 
model’s variables are better controlled through numerical modeling. In real experiments, 
unwanted variables always create noises and mask the effects of the variables under 
study. In numerical modeling, the effects of unwanted variables can be diminished. In 
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addition, numerical modeling is less expensive in terms of time and budget, especially 
when large amount of data is needed. 
 
Laboratory Experiments 
Numerical modeling and numerical simulation could not replicate all aspects of a 
physical system. Simulation results should be calibrated and validated using real data. 
Thus, laboratory experiments were conducted and the collected data was compared 
with simulation results. The numerical model was calibrated based on real GPR data 
collected from the laboratory. Algorithms were developed to eliminate the effect of 
surface moisture on GPR signal on both simulation data and laboratory data. 
 
Field Tests  
To validate the effectiveness of the algorithms developed in the study, the 
algorithms were tested using the data collected from field construction sites. Compared 
with numerical simulation and laboratory experiments, field testing was the best 
approach for representing real construction conditions. But field tests included more 
variables which affected GPR measurements. By implementing GPR measurements at 
real construction sites during compaction, the performance of the hardware and 
software developed in this research were evaluated. 
Details of the three approaches are described in Sections 3.1 - 3.3. 
3.1 Numerical Modeling 
The approach of numerical modeling of GPR responses was followed to study 
the mechanism of propagation and scattering of EM waves. In this section, the 
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formulation of numerical models is introduced. The numerical simulation of GPR wave 
propagation within pavement models is then presented. 
3.1.1 Numerical Model Formulation 
Computational electromagnetics (CEM) has been developed for solving a variety 
of EM problems. CEM methods are divided into two categories: time-domain methods 
and frequency-domain methods. An important time-domain method, the finite-difference 
time-domain (FDTD) method solves Maxwell’s equations step by step in time. FDTD is 
ideally suitable for broadband problems or transient problems with only a few excitations 
(46, 55). In this study, the GPR signal is an ultra-wideband signal with one excitation 
source, which is the transmitting antenna of the GPR system. Thus, the FDTD method 
was used in this study. 
3-D FDTD models can provide comprehensive views of wave propagation in 
pavement structure. However, 3-D models require significant computational sources. 
Although 2-D models cannot provide complete views of the problem, the pavement 
geometry of the third dimension (transverse dimension in the direction of pavement 
width) is invariant in this study. Therefore, 2-D models can provide satisfactory results 
as long as the models are calibrated (56). The 2-D FDTD models were thus used in this 
study for their fast computational capability. 
The Yee scheme is widely accepted for modeling the FDTD problem (46). Yee’s 
scheme is used to transform the partial differential equations of a boundary-value 
problem into a set of discrete time and space marching field equations that can be used 
to compute an approximate solution. 
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In Yee’s 2-D FDTD algorithm, the region of computation is assumed to be infinity 
in the z direction without any change in either shape or position in the transverse cross 
section. The source is also uniform along the z direction. All partial derivatives of the 
fields with respect to z must then be equal to zero. Maxwell equations for this problem 
are as follows (46): 
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(3-3) 
where    is the magnitude of the electric field along the z direction;    and     
are the magnitudes of the magnetic field along the x and y directions, respectively; μ, ε, 
and σ are the permeability, permittivity, and conductivity of the material, respectively; 
and zJ  is the electric current of excitation source in the z direction. 
To solve these equations numerically using Yee’s algorithm, the computation 
domain was enclosed in a rectangular area and then divided into small rectangular cells. 
Figure 3-2 shows a rectangular cell with the assignments of the locations and directions 
of the electric fields and magnetic fields (46, 57). 
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Figure 3-2 Assignment of field components on an FDTD cell (46, 57). 
 
By sampling the electric field at t n t   and the magnetic field at ( 1 / 2 )t n t    
and by using central differencing, the equations were discretized as follows: 
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(3-4) 
where t is the time discretized into a number of uniformly distributed instants 
represented by t n t  , where 0,1, 2, , … … , n N  and t  denotes the time interval 
between two adjacent instants; y  is the space interval in the y direction or the size of 
the cell in the y direction, as shown in Figure 3-2; ( , )nzE i j  is the electric field along the 
z direction at time step t n t   and at location ( , )i j , as illustrated in Figure 3-2; 
1/2( , 1/ 2)nxH i j
   is the magnetic field along the x direction at time step ( 1 / 2 )t n t    
at location ( , 1 / 2 )i j ; similarly, ( , 1)
n
zE i j  and 
1/2 ( , 1/ 2)nxH i j
   are the electric field 
along the z direction at time step t n t   at location ( , 1)i j  and the magnetic field 
along the x direction at time step ( 1 / 2 )t n t    at location ( , 1 / 2 )i j . 
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A time-stepping formula was obtained from Equation (3-4): 
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Similarly, the other two time-stepping formulas were obtained from Equations 
(3-1) to (3-3): 
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where:    
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Based on Equations (3-5) to (3-9), given the initial values of , ,z x yE H H  at a time 
step, all fields were obtained at later time steps. This time-marching process is called 
leapfrog scheme (58). 
Discretization of space and time was performed using the FDTD time-stepping 
equations. In 2-D problems, x  and y  must be small enough to resolve the spatial 
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variation of the field, and t  must be small enough to resolve the temporal variation of 
the field. The stability condition, shown in Equation (3-10), must be satisfied (46).  
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(3-10) 
The absorbing boundary condition (ABC) was used in FDTD computation to 
truncate the infinite space into a finite computational domain in order to solve the 
problem of unbounded EM in the region under study. The perfect matched layer (PML) 
is a region of artificial material that is theoretically designed to create no reflections 
regardless of frequency, polarization, and angle of incidence of a plane wave incident 
upon its interface. This feature enables the capability of broadband EM wave simulation 
in time-domain. To apply the PML technique, the time-stepping formulas were modified 
and the PML region was discretized into multiple layers where each layer attenuated the 
EM wave. Attenuation coefficients varied smoothly as an mth -order polynomial: 
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where l  denotes the distance from the PML surface, L is the thickness of the 
PML region, and 
max  is the maximum conductivity inside the PML region. For the 
desired reflection coefficient  0R , the value of 
max  was determined by: 
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where m is the order of the polynomial, and η is the impedance of the material. 
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3.1.2 Numerical Simulation of GPR Wave Propagation 
FDTD simulation is performed using a free software program, GprMax, which has 
been successfully applied to simulate GPR wave propagation (59, 60). GprMax is a set 
of MATLAB® codes which contain the FDTD formulas described in Section 3.1.1. The 
advantage of this tool is that it efficiently modifies the parameters in FDTD simulation. 
Using GprMax, the geometries of pavement structures, material properties of pavement 
layers, and excitation sources could be easily modified. 
A typical model of dry pavement is shown in Figure 3-3 (a) which illustrates 
FDTD simulation. The pavement structure consists of two layers: an AC surface layer 
and a base layer. The pavement structure in the model was simple because only the 
EM wave reflection at the surface of the pavement was investigated. Reflections from 
the interfaces of underlying layers are not of interest. The width of the pavement model 
was 2.30 ft (0.70 m). The thicknesses of the AC layer and the base layer were 3.9 in 
(0.10 m) and 7.9 in (0.20 m), respectively. The dielectric constant values were 5.0 and 
7.0 for the AC layer and the base layer, respectively. The dielectric constant value of the 
AC layer is shown in this example for illustration purposes only. In the numerical 
simulation, this value was changed to simulate the variation of the AC layer density. The 
entire computation region was discretized; the grid size was 0.098 in (0.0025 m) in both 
x and y directions, respectively. 
The transmitting antenna and receiving antenna were placed 0.098 in (0.0025 m) 
apart at 1.31 ft (0.50 m) above the pavement surface. The transmitting antenna and 
receiving antenna were close to each other so that the incident wave onto the pavement 
could be considered normal incidence. The computation region was surrounded by PML 
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so that the artificial EM wave reflections could be minimized. The distance between the 
antennas and the upper side of the PML was 1.97 in (0.05 m), which was much smaller 
than the distance between the antennas and the pavement surface to isolate reflections 
from the upper region. The PML had 20 layers, which was sufficient to eliminate 
reflections. The material properties of the PML were defined based on Equations (3-11) 
and (3-12). The value of time step t  was obtained using Equation (3-10). An excitation 
source was placed at the location of the transmitting antenna to excite the propagation 
of EM waves. The excitation source was a point source in the 2-D model, the equivalent 
to a line source with infinite length in the z direction in the 3-D model.  
The pavement surface was smooth because the effect of pavement surface 
roughness on the GPR signal was negligible. Based on Rayleigh’s criterion for a plane 
wave, a surface is considered smooth if the following equation is satisfied (61): 
8cos i



  (3-13) 
where σ is the standard deviation of the ground irregularity, λ is the wavelength 
of the incident signal, and θi is the angle of the incident signal. 
The irregularity of newly built asphalt pavement is mainly attributed to the texture 
of the pavement surface. For a normal incidence signal with a wavelength of 23.6 in (0.6 
m) to 3.4 in (0.086 m), which corresponds to the frequency ranging from 0.5 GHz to 3.5 
GHz, the value of λ/(8 cos θi) ranged from 3.0 in (75 mm) to 0.4 in (10.75 mm). The 
values were much larger than the typical value of σ, which was approximately 0.04 in (1 
mm) for a new built asphalt pavement. Therefore, Rayleigh’s criterion was satisfied and 
the pavement surface was considered smooth at the frequencies under study.  
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The material property inputs for the pavement model in GprMax included the 
relative permittivity or the dielectric constant   , the relative magnetic permeability   , 
and the electrical conductivity  . The magnetic permeability of the pavement material 
was almost the same as the magnetic permeability of free space, so the value of    was 
set to be 1. The values of dielectric constant     and electrical conductivity    for the 
asphalt mixture depended on the material properties and volumetric properties of each 
component of the mixture. 
To model surface moisture on asphalt pavement, two candidate approaches 
were considered. The first approach was based on the placement of a thin layer of 
water with a dielectric constant value of 81 on top of the pavement surface. However, 
an extremely thin water layer, less than 1 mm in thickness (62), is difficult to handle in 
FDTD simulation (46) because the thickness is smaller than the grid size. The second 
approach was based on the placement of a wet AC layer, a mixture of asphalt material 
and water, on top of dry pavement. Compared with the layer of pure water, the wet AC 
layer had a larger thickness but a smaller dielectric constant value which was easier to 
handle in the FDTD simulation. Therefore, the second approach was adopted in this 
study. 
As shown in Figure 3-3 (b), a wet AC layer was placed on the surface of the 
pavement structure. The thickness of the layer was 0.098 in (0.0025 m), which was 
equal to the size of the grid. The material properties of the wet AC layer were 
characterized by the dielectric constant and conductivity. Because water was one of the 
mixture components in this layer, which had higher dielectric constant and conductivity 
values, the effective dielectric constant and conductivity of the mixture were also higher 
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than the dry AC layer. The values of the dielectric constant and conductivity of wet AC 
layer will be discussed in CHAPTER 5. 
        
 (a)       (b) 
Figure 3-3 Numerical models for FDTD simulation: (a) dry pavement; (b) pavement with 
wet surface. 
 
3.2 Laboratory Experiments 
GPR data was collected from an existing test site built in 2009 and on a new test 
site built in 2013. Both test sites are located at the Advanced Transportation and 
Research Engineering Laboratory (ATREL) of the Illinois Center for Transportation (ICT). 
Information about the two test sites and details about the laboratory experiments are 
presented in this section. 
3.2.1 The Existing Test Site 
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An existing test site constructed in 2009 at a large parking lot at ATREL was 
used for GPR data collection. It is referred to as test site A in this dissertation. As shown 
in Figure 3-4, test site A consists of six lanes which were constructed using five different 
types of asphalt mixtures as described in Table 3-1. Lane I(A) and lane I(B), shown in 
Figure 3-4, were constructed with the same asphalt mixture. The different segments of 
Lane I(A) had various thicknesses while lane I(B) had uniform thickness. The other four 
lanes were constructed using the asphalt materials described in Table 3-1. 
  
Figure 3-4 Existing test site (test site A) (40). 
 
Table 3-1 Mixture Information for Test Site A (40) 
Mix 
No. 
Mix Type 
Nominal Max. 
Aggregate Size 
(mm) 
Asphalt 
Type 
Asphalt 
Content 
Mix I 
Limestone Surface 
Mix 
9.5 PG64-22 Optimum 
Mix II Granite Surface Mix 9.5 PG70-22 Optimum 
Mix III Granite Surface Mix 9.5 PG64-22 Optimum 
Mix IV Granite Surface Mix 9.5 PG64-22 Optimum+1% 
Mix V Limestone Binder Mix 19.0 PG64-22 Optimum 
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3.2.2 The New Test Site 
A new asphalt pavement test site was specially designed and constructed for the 
purpose of conducting the laboratory experiments in this study. This test site is referred 
to as test site B which is single-lane asphalt overlay on top of an existing asphalt 
pavement. Figure 3-5 depicts the existing pavement before the construction of test site 
B.  
 
Figure 3-5 Existing pavement before construction of test site B. 
 
The mixture information of test site B, as provided by the asphalt plant, is shown 
in Table 3-2. The test site was designed to simulate the scenario of density monitoring 
using GPR during compaction. Different number of roller passes was applied at different 
lane segments. GPR data was collected on top of different lane segments which were 
subjected to different number of roller passes. As shown in Figure 3-6 (a), there were 11 
segments with each segment having a length of 15 ft (4.6 m) and a width of 4 ft (1.22 m). 
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The transition segment in the middle was for the compactor to turn off the lane and was 
not used for GPR testing. The number shown on each segment in Figure 3-6 (a) is the 
number of roller passes. For example, 0 means that the segment consists of loose mix 
without any roller pass, and 10 means that the segment was compacted with 10 roller 
passes. The compactor followed the compaction pattern shown in Figure 3-6 (b). The 
dash lines with arrows show the path and direction of the compactor for each pass 
during the construction. 
 
Table 3-2 Mixture Information for Test Site B 
Nominal Maximum Aggregate 
Size 
Asphalt Binder 
Type 
Asphalt Binder 
Content 
Gmm Gsb 
3/8 in (9.5mm) PG 64-22 5.7% 2.468 2.612 
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 (a)     (b) 
Figure 3-6 Test site B: (a) plan view with different pass number; (b) compaction pattern 
to achieve different roller pass for each segment. 
(The numbers shown in the figure reflect the number of roller passes) 
 
Figure 3-7 depicts the construction of test site B. As shown in Figure 3-7 (a), 
asphalt material was placed on the existing pavement by a paver. The width of the 
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asphalt mat was 9 ft (2.74 m). The mat was compacted by a vibratory compactor. The 
compactor used in the construction was CATERPILLAR CB224E asphalt compactor 
with a 4 ft (1.22 m) roller width. The compaction followed a straight line without any 
wandering as shown in the pattern depicted in Figure 3-6 (b) to ensure that the 
compaction effort of each roller pass was exerted on the same strip of the lane. Figure 
3-8 depicts the test site after construction. Some asphalt mixture samples were 
collected to obtain the value of theoretical maximum specific gravity of asphalt mixture 
Gmm. 
  
(a)       (b) 
Figure 3-7 Construction of test site B: (a) asphalt mixture is laid down on the existing 
pavement by a paver; (b) mixture is compacted by a vibrating roller. 
57 
 
 
 
Figure 3-8 Test site B after construction. 
 
3.2.3 Test Site Preparation and GPR Hardware Modification 
At each GPR test location on test site B, GPR data was collected from the same 
spot after spraying different amounts of water on the surface for the purpose of 
capturing the change in GPR signal when only the surface moisture content changed 
(the density of the asphalt mixture did not change because the data was collected from 
the same location). Because it took the pavement at least one day to dry after spraying 
water and different amounts of water were needed to be sprayed on the same spot of 
pavement, it was important to return the GPR antenna to the same location on different 
days. Thus a grid system for location reference was created on the pavement, and laser 
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pointers were installed on the GPR antenna to help align the antenna during data 
collection. 
As shown in Figure 3-9, for each segment of test site B, a grid system was 
marked on the pavement surface. The size of each grid was determined based on the 
size of the GPR antenna (the air-coupled antenna manufactured by GSSI): the length of 
the grid was 10.625 in (270 mm) which was half the length of the antenna, 21.25 in (540 
mm), and the width of the grid was 7.75 in (200 mm) which was equal to the width of the 
antenna. The area of the bottom of antenna projection was equal to the area of two 
grids. The shaded area in Figure 3-9 is the projected area of the GPR antenna when the 
antenna was placed on top of the grid 4-C. Figure 3-10 depicts the actual pavement 
with the grid system. The location of the GPR antenna is described using the section 
number and grid number. For example, section 6 grid 4-C means that the GPR antenna 
was above the shaded area, as shown in Figure 3-9, of section 6, which means that the 
roller pass number was 6. 
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Figure 3-9 Grid system on each segment of test site B. 
Size of  
GPR Antenna  
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Figure 3-10 Grid system for location referencing on test site B. 
 
On the GPR antenna, four laser pointers were installed at the four edges. Laser 
pointers acted like plumb lines so that the projection of the GPR antenna on the 
pavement could be clearly seen. Figure 3-11 (a) shows a laser pointer on the edge of 
the antenna. Figure 3-11 (b) shows the calibration of the laser pointer to ensure that the 
laser points on the ground overlap the projection points of the edge of the antenna.  
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Figure 3-11 Laser pointers installed on the GPR antenna: (a) laser pointer; (b) 
calibration of the direction of laser pointer. 
 
Figure 3-12 shows the setup of GPR antenna during data collection on test site B. 
For pavement GPR survey, the antenna is usually mounted on a vehicle so that the 
data can be collected at high speed. But for laboratory testing on test site B where some 
segments were not well compacted, GPR vehicle could possibly damage the pavement. 
The setup shown in Figure 3-12, where saw horses were used to support the antenna, 
was much lighter than a vehicle and was therefore used to avoid pavement damage. In 
addition, the antenna could be easily moved and aligned using this setup. As shown in 
Figure 3-13, with the grid system and laser pointers, the GPR antenna could be aligned 
to any specific grid by overlapping the laser points with pavement markings.  
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Figure 3-12 Setup of GPR antenna during data collection on test site B. 
 
(a)       (b) 
Figure 3-13 Antenna aligned to specific grid using laser pointers: (a) side view 1; (b) 
side view 2. 
  
3.2.4 Laboratory Testing Description 
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In this study, different laboratory tests were conducted for several purposes. First, 
the effect of density change on GPR signal was studied; GPR data was taken from 
pavement locations with different densities. Second, the effect of moisture content 
variation on GPR signal was investigated; GPR data was collected from asphalt 
pavement with surface moisture. The surface moisture was created by spraying water 
evenly on a pavement area which was large enough to cover the footprint of GPR wave. 
The water was sprayed by using sprayers powered by compressed air. Laboratory 
testing procedures, purposes of the tests, and data analysis of tests results are 
described in details in CHAPTER 6. 
3.3 Field Tests 
Field tests serve two purposes in this study. First, preliminary field data was 
collected to determine the amount of surface moisture added to the pavement during 
numerical simulation and laboratory experiments. Second, field testing results were 
used to validate the effectiveness of the algorithms developed in this study. 
This research utilizes the existing GPR van, as shown in Figure 2-7, to collect 
data during field construction. The long-term objective is to install the GPR system on a 
compactor to monitor the density during compaction in real time. This section presents 
the effort of modifying the hardware to conduct field tests efficiently and introduces the 
field testing procedure.  
3.3.1 Hardware Modification for Field Tests 
To avoid interruption of the compaction process during GPR data collection, 
hardware modification was made on the GPR vehicle.  As can be seen in Figure 3-14 (a) 
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and (b), GPR antennas were laid down in horizontal position. In this position, GPR 
antennas could be placed above the asphalt pavement to collect data. As shown in 
Figure 3-14 (c) and (d), the antennas were pulled up to a vertical position. Blocking the 
way of the compactor was therefore avoided. The two positions of the antennas could 
be switched by controlling an electric powered winch installed on top of the van, as 
shown in Figure 3-14 (e).  
 
  
(a)       (b) 
Figure 3-14 Modification of the hardware for field tests: (a) antennas laid down - side 
view; (b) antennas laid down - back view; (c) antennas pulled up - side view; (d) 
antennas pulled up - back view; (e) electric power winch. 
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(c)       (d) 
 
(e) 
Figure 3-14 (cont.) 
  
Electric Power 
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3.3.2 Field Testing Description 
The GPR equipment after hardware modification was used in field testing. As 
shown in Figure 3-15 (a), the antennas were lifted to a vertical position (standby position) 
to avoid disturbance of the compactor before compaction. After the compactor passed 
by, the antennas were lowered to a horizontal position (data collection position) to 
collect the GPR data, as shown in Figure 3-15 (b). Right after data collection was 
finished, the antennas were lifted up again to standby position. The whole process, 
including lowering down the antennas to data collection position, collecting about 1000 
GPR scans, and lifting up the antennas to standby position, took about 30 sec. 
  
(a)       (b) 
Figure 3-15 GPR setup for compaction monitoring: (a) standby position; (b) data 
collection position. 
 
3.4 Summary 
Standby  Data Collection 
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This chapter presented the three approaches that this study followed: numerical 
simulation, laboratory experiments and field tests. Each approach has its own 
advantages and disadvantages, which were described in this chapter. The procedure 
and research tasks for each approach were also described. The results of the research 
tasks will be presented in CHAPTER 5, CHAPTER 6 and CHAPTER 7. 
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CHAPTER 4 PROCEDURE OF THE APPLICATION 
This chapter presents the overall procedure of the application of GPR on 
compaction monitoring and a feasibility analysis.  
4.1 Framework of the Methodology 
The application follows the procedure outlined in Figure 4-1. First, GPR data was 
collected from wet asphalt pavement during compaction. As discussed in 0, the water 
spayed by the compactor remained on the asphalt pavement surface, yielding an 
increased amplitude of surface reflection in GPR data. Based on Equations (2-26) and 
(2-30), the direct use of surface reflection amplitude in the equations resulted in 
overestimations of the dielectric constant value of asphalt mixture, εAC, and the bulk 
specific gravity of asphalt mixture, Gmb. Thus, it was important to apply a correction 
algorithm to correct the signal collected from wet pavement to resemble the signal 
collected from dry pavement. The density model could then applied to obtain the 
pavement density. 
69 
 
GPR Data on Wet 
Pavement
GPR Data on Dry 
Pavement
Correction 
Algorithm
Density of 
Pavement
Density Model
 
Figure 4-1 Outline of the application of asphalt pavement compaction monitoring using 
GPR. 
 
The research tasks shown in Figure 4-2 were then conducted to develop the 
correction algorithm shown in Figure 4-1. Figure 4-2 depicts the four main research 
tasks. First, a calibration of the numerical model was conducted. Second, the GPR data 
obtained from numerical simulation and laboratory experiments were used to investigate 
and understand the effect of surface moisture on GPR signals. Third, based on the 
findings, algorithms were developed to eliminate the effect of surface moisture in step 
two. Finally, the developed algorithms were validated using the field test results. 
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Validation of the Developed Algorithms
 
Figure 4-2 Research tasks. 
 
4.2 Feasibility Analysis 
A feasibility analysis was performed to ensure that the monitoring of asphalt 
pavement compaction using GPR was feasible. The feasibility analysis was performed 
for the following purposes:  
 Ensure that the effect of surface moisture did not completely mask the 
effect of density increase on GPR signal 
 Obtain the typical values of the percentage of GPR amplitude increase 
caused by surface moisture during compaction 
Using the test setup shown in Figure 3-14, GPR data was collected on asphalt 
pavement during compaction in several field construction sites. Figure 4-3 depicts the 
surface reflection amplitudes at different number of roller passes. GPR data collected 
from two field construction sites are shown in Figure 4-3. Site 1 is a construction site of 
a county highway in Melvin, Illinois and Site 2 is a construction site located in a parking 
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lot in Urbana, Illinois. As can be seen from the figure, the surface reflection amplitude 
increased with the roller passes. The variation of the amplitude is attributed to two 
factors: The change of asphalt mixture density and the variation of surface moisture 
content during compaction. The trend of the increasing amplitude indicates that the 
effect of surface moisture variation did not completely mask the effect of density 
variation. Therefore, using GPR for monitoring density changes during compaction was 
feasible. 
 
 (a)       (b) 
Figure 4-3 Compaction curves: (a) field construction site 1; (b) field construction site 2. 
 
The feasibility study was also conducted for the purpose of obtaining typical 
values of the percentage of amplitude increase caused by surface moisture. These 
values could be used to guide the laboratory experiments for determining the amount of 
water to be sprayed on the pavement. The percentage of the resulting increase in 
surface reflection amplitude should be comparable to the percentage of the increase in 
the field due to the introduction of surface moisture. 
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Figure 4-4 shows an example of GPR signal collected from a construction site in 
Champaign County, Illinois. The GPR data was collected from the asphalt pavement 
after the final roller pass when there was noticeable surface moisture remaining on the 
pavement after the finishing roller. The “wet” signal is shown as the red curve in Figure 
4-4 (a) and (b). Another GPR data file was collected after 30 min on the same location 
when the pavement surface appeared dry. The “dry” signal is plotted as the blue curve 
in Figure 4-4 (a) and (b). The maximum amplitude was 1.9584×104 for wet data and 
1.8846×104 for dry data in this measurement. The amplitude of wet data was 3.9% 
higher than the amplitude of dry data.  
Similar tests were conducted at different pavement locations in different 
construction sites. The increase in surface reflection amplitude as a result of surface 
moisture randomly ranged from 1% to 6%. In the laboratory tests, the amount of water 
sprayed on the pavement should be determined so that the increase in the surface 
reflection amplitudes could cover this range. 
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(a)       (b) 
Figure 4-4 Surface reflection of GPR signal on asphalt pavement in a field construction 
site: (a) wet and dry data; (b) magnified wet and dry data. 
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CHAPTER 5 NUMERICAL SIMULATION 
5.1 Calibration of Numerical Modeling 
Numerical modeling was conducted to investigate the fundamental difference 
between the effect of surface moisture variation and density variation on GPR signal. A 
calibration was performed before the modeling process. 
Calibration is important to numerical modeling. A well calibrated numerical model 
can produce accurate results and help gain insights of the modeled physical 
phenomena. In this study, the waveforms of reflections from copper plate in numerical 
simulation and in laboratory experiment were compared. The waveforms of reflections 
from asphalt pavement surface in numerical simulation and in laboratory experiment 
were also compared. A calibration was conducted to ensure an exact match between 
simulated GPR signal and real GPR signal. It was important to perform this step before 
further applications of the numerical simulation because only the results generated from 
a calibrated model were meaningful.  
5.1.1 Existing Excitation Sources 
The excitation source at the transmitting antenna determines the waveform in 
time domain and the frequency spectrum of the received GPR signal. Gaussian 
derivatives are the most common excitation sources for simulation of impulse GPR 
signals. Researchers have used 0 order Gaussian function (63–65), 1st order Gaussian 
derivative function (66–68), and 2nd order Gaussian derivative function, which is also 
named Ricker function (69, 70), as the excitation sources. The three excitation functions 
are shown in Figure 5-1. The excitation functions were plugged into the GprMax 
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software using the pavement model shown in Figure 3-3 (a) with a PEC layer placed on 
the AC layer.  
The pulse reflected by the copper is referred to as “copper reflection” data. 
Figure 5-2 shows the copper reflection generated by Gaussian function. Figure 5-3 
shows the copper reflection generated by 1st order Gaussian derivative function. Figure 
5-4 shows the copper reflection generated by 2nd order Gaussian derivative function 
(Ricker function). Comparing these simulated copper reflections with the real copper 
reflection shown in Figure 5-5, it was observed that the most similar simulated copper 
reflection was generated using 1st order Gaussian derivative function. 
 
Figure 5-1 Different Gaussian derivative functions. 
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(a)       (b) 
Figure 5-2 Simulated GPR signal generated by Gaussian function: (a) Gaussian 
function; (b) copper reflection in FDTD simulation. 
 
(a)       (b) 
Figure 5-3 Simulated GPR signal generated by 1st order Gaussian derivative function: 
(a) 1st Gaussian derivative function; (b) copper reflection in FDTD simulation. 
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(a)       (b) 
Figure 5-4 Simulated GPR signal generated by 2nd order Gaussian derivative function: 
(a) 2nd Gaussian derivative function; (b) copper reflection in FDTD simulation. 
 
Figure 5-5 Real copper reflection. 
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A detailed comparison of simulated GPR signal (generated by 1st order 
Gaussian function) and real GPR signal was conducted in both time and frequency 
domain. The 1st order Gaussian derivative function was plugged into the FDTD 
simulation and the time range for data collection was 12 ns, as shown in Figure 5-6 (a). 
Other than collecting the copper reflection data, the pulse reflected at the surface of AC 
layer, referred to as “surface reflection” data, was also collected. Real GPR data was 
collected to be compared with the simulation data. The test was conducted at test site A 
as described in Section 3.2. A 2.0-GHz air-coupled antenna (with 2 GHz central 
frequency) and SIR20 GPR data collection system manufactured by GSSI were used. A 
comparison between simulated and real results is shown in Figure 5-6. The amplitude 
was normalized with copper reflection amplitude in time domain, as shown in Figure 5-6 
(b) and (d). The amplitude in frequency domain was normalized with the amplitude of 
center frequency, as shown in Figure 5-6 (c) and (e).  
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(a) 
 
(b)       (c) 
 
(d)       (e) 
Figure 5-6 Comparison of simulated GPR signal using 1st order Gaussian derivative to 
real GPR data: (a) 1st order Gaussian derivative function; (b) comparison of real and 
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(Figure 5-6 cont.) simulation copper reflection in time domain; (c) comparison of real 
and simulation copper reflection in frequency domain; (d) comparison of real and 
simulation surface reflection in time domain; (e) comparison of real and simulation 
surface reflection in frequency domain. 
 
As shown in Figure 5-6, the real signal and simulated signal are different in the 
time domain; the frequency spectrums do not match either. Therefore, although the 1st 
order Gaussian derivative function could generate the most similar reflection data 
among the three excitation functions, it could not model the GPR signal accurately. This 
would be less problematic if the FDTD simulation were used for qualitative studies, such 
as the detection of the rebar within the pavement and some quantitative studies, such 
as thickness measurement where the frequency spectrum is not the feature of interest. 
However, for the application of compaction monitoring, quantitative frequency analysis 
and filtering are expected to be performed. Providing an accurate match between the 
simulation signal and the real GPR signal in both the time domain and frequency 
domain is considered essential; otherwise, the simulation results would be meaningless. 
Thus, it was important to find an excitation source that could generate the same 
waveform as the real signal. 
5.1.2 Calculation of Equivalent Excitation Source 
It should be noted that the real excitation function of the GPR system is often 
unknown or proprietary. Even if the real excitation function is known, the generated 
GPR signal will not be the same as the real signal if 2D FDTD simulation is performed 
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because the real antenna structure of a GPR system is much more complex than the 
point source used in 2-D FDTD simulation, and the 3-D pavement model is different 
from the 2-D pavement model in this study. However, by modifying the excitation 
function at the point source, the same waveform as the real GPR signal could be 
generated in the 2-D FDTD simulation. This excitation function is called “the equivalent 
excitation source”. The efforts of finding equivalent excitation source are shown in 
literatures (56, 71). A different calibration was conducted for the specific GPR system 
used in this study. In this section, a back-calculation procedure of finding the equivalent 
excitation source is described. 
The FDTD simulation model is considered a linear system. The 1st order 
Gaussian derivative excitation function, r(t), is the input of the system, and the received 
GPR signal, ysim(t), is the output of the system. The system function, or transfer function, 
of the system is h(t). The system input-output relation can be written in a convolution 
form, as shown in Equation (5-1). 
( ) * ( ) ( )s imr t h t y t  (5-1) 
where r(t) is the 1st order Gaussian derivative function; h(t) is the system function 
of FDTD simulation; and ysim(t) is the received GPR signal in time domain. 
Assuming that the desired equivalent excitation source is x(t), the output of the 
system, which is the GPR signal generated by FDTD simulation, should match the real 
GPR signal, yreal(t), as shown in the following: 
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( ) * ( ) ( )r e a lx t h t y t  (5-2) 
where x(t) is the desired equivalent excitation source, and yreal(t) is the real GPR 
signal in time domain. 
Transforming Equations (5-1) and (5-2) into frequency domain will convert the 
convolution operation to a multiplication operation, as shown in Equations (5-3) and 
(5-4): 
( ) ( ) ( )simR f H f Y f  (5-3) 
( ) ( ) ( )realX f H f Y f  (5-4) 
where R(f) is the Ricker function in frequency domain; H(f) is the system function 
in frequency domain; Ysim(f) is the simulation GPR signal in frequency domain using 1st 
order Gaussian derivative function as the excitation source; X(f) is the desired excitation 
function in frequency domain; and Yreal(f) is the real GPR signal in frequency domain. 
The desired excitation function X(f) can be obtained from Equations (5-3) and 
(5-4), and the time domain function, x(t), can be obtained from X(f) through inverse 
Fourier transform, as shown in the following:  
( )
( ) ( )
( )
real
sim
Y f
X f R f
Y f

 
(5-5) 
1( ) ( ( ))x t F X f
 
(5-6) 
A back calculation of the equivalent excitation source was conducted by using 
copper reflection data from simulation and reality, as shown in Figure 5-6 (c). Figure 5-7 
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shows a comparison of the calculated equivalent source and the 1st order Gaussian 
derivative function. 
 
Figure 5-7 Comparison of the equivalent excitation source and the 1st order Gaussian 
Derivative Function. 
 
5.1.3 De-Noising of Signals Using Wavelet Transform 
The equivalent excitation source was plugged into the FDTD model to generate 
GPR signals. The received signal contained noise because the real GPR data, which 
was used for back calculation of the equivalent source, contained noise. Thus, the noise 
in the real GPR data was transferred to the equivalent source and then to the simulated 
GPR signal. Therefore, a de-noising process was needed to eliminate the noise in the 
signal. Discrete wavelet transform (DWT) was applied to de-noise the signal. 
In signal processing, Fourier transform is usually used to obtain the frequency 
spectrum of the signal. While the signal is transformed from time domain to frequency 
domain, the time information is lost. Short-time Fourier transform (STFT) can keep the 
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information of the signal in both time and frequency domain (72–75). The disadvantage 
of STFT is that it uses a window function with a preset window length. Once this window 
function is chosen, the resolutions are fixed at all frequencies and times. Wavelet 
transform is a multi-resolution signal processing technique with adjustable window 
length. The wavelet technique has been successfully applied in many areas such as 
signal de-noising, data compression, and image processing (76–79). 
Continuous wavelet transform (CWT) decomposes a signal into a family of 
functions which offers good time and frequency localization. A wavelet function (also 
called mother wavelet)  ( )	is used to carry out the wavelet decomposition. Typical 
mother wavelets can be found in the literature (76, 80). The wavelet function is defined 
in the following equations (81, 82): 
  *,
1
,?a
t
t a R R
aa


  
 
   
 
 (5-7) 
     * ,     ,f a
R
C a f t t dt    (5-8) 
where   , ( ) is constructed by dilation and translation of mother wavelet	 ( );   
is the parameter of dilation (or scaling);   is the parameter of translation (or shifting); 
  ( ,  ) is the CWT of the function f(t); and the superscript “*” means the complex 
conjugation. 
Since CWT uses the continuous scaling factor    and shifting factor   , 
respectively, which produce infinite number of wavelet coefficients, it is not 
computationally efficient. DWT uses discrete values of scaling and shifting factors, 
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which saves computation time. It is achieved by assigning scaling and shifting factors   
and  , respectively, with the power of two values (83):  
2ja  (5-9) 
  2 jk a k      (5-10) 
where j is the level at which the discrete wavelet analysis is performed and k is 
an integer parameter in DWT. By applying DWT on signal f(k), two parts of coefficients 
can be obtained: approximation coefficients and detail coefficients. Approximation 
coefficients are the low frequency components and detail coefficients are the high 
frequency components of signal f(k). The two coefficients are expressed as follows:  
   ,
0 0
1 2
( ) ( )
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j
j j k jj
n n
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A f n n f n 
 
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    (5-11) 
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

   (5-12) 
where	   and    are approximation coefficient and detail coefficient, respectively, 
at level j.   , ( ) is the scaling function associated with the wavelet function	  , ( ). As 
the decomposition level j increases, a hierarchical set of approximations and details can 
be obtained. This procedure is called multi-resolution analysis (78, 84). 
Figure 5-8 shows the procedure of signal decomposition using DWT. The original 
signal, denoted by s, is decomposed into level 1 approximation    and detail   , where 
    and     can be obtained by Equations (5-11) and (5-12). Similarly, the level 1 
approximation    can be further decomposed into level 2 approximation    and detail   . 
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After three levels of decomposition, the original signal is decomposed into 5 details and 
1 approximation. The original signal can also be reconstructed by the details and 
approximation. By implementing the scheme shown in Figure 5-8, the noise contained 
in the original signal could be filtered by suppressing specific levels of detail coefficients. 
Original Signal s
Level 1 Approximation a1 Level 1 Detail d1
Level 2 Detail d2Level 2 Approximation a2
Level 3 Detail d3Level 3 Approximation a3
 
Figure 5-8 Three levels of discrete wavelet decomposition of signal s. 
 
To perform wavelet decomposition, a proper wavelet function should be used. 
The wavelet coefficients describe how well the scaled and shifted wavelet function 
matches the original signal. Thus, it is better to choose a wavelet that is similar to the 
incident GPR signal (84). Figure 5-9 shows four commonly used wavelet functions. It is 
obvious that the Haar wavelet and Morlet wavelet are not similar to the incident GPR 
signal. Sym5 and Daubechies 5 (db5) wavelets are similar to the incident signal. In this 
study, db5 wavelet was used as the wavelet function. Three-level wavelet 
decomposition was performed. 
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(a)      (b) 
 
(c)      (d) 
Figure 5-9 Different wavelet functions: (a) Haar; (b) Morlet; (c) Symlets 5; and (d) 
Daubechies 5. 
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As shown in Figure 5-10 (a), the original signal was noisy. The level 1 
reconstructed approximation and detail are shown in Figure 5-10 (b) and (c). Level 1 
detail consisted mostly of noise with amplitude ranging from -0.05 to 0.05. Level 1 
approximation was further decomposed into level 2 approximation and detail, as shown 
in Figure 5-10 (d) and (e). Level 2 detail consisted of noise with amplitude ranging from 
-4×10-3 to 4×10-3, and level 3 detail mainly consisted of noise, as shown in Figure 
5-10(g). Reconstructed level 3 approximation represented the signal after de-noising, as 
shown in Figure 5-10 (f). The effect of DWT de-noising on copper reflection and surface 
reflection is shown in Figure 5-11. As can be seen, the noise was removed and the 
signals became smoother after de-noising in both cases. 
 
(a) 
Figure 5-10 Three-level DWT decomposition using db5 wavelet and its de-noising effect: 
(a) original signal; (b) reconstructed level 1 approximation; (c) reconstructed level 1 
detail; (d) reconstructed level 2 approximation; (e) reconstructed level 2 detail; (f) 
reconstructed level 3 approximation; (g) reconstructed level 3 detail. 
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(b)       (c) 
 
(d)       (e) 
Figure 5-10 (cont.) 
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 (f)       (g) 
Figure 5-10 (cont.) 
 
 
Figure 5-11 Effect of de-noising using DWT: (a) copper reflection; (b) surface reflection. 
 
5.1.4 Calibration Results 
By utilizing the equivalent excitation source and the DWT de-noising techniques 
described in previous sections, the FDTD simulation generated the same GPR signal. 
Figure 5-12 (a) and (b) shows a comparison of copper reflection between simulated 
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GPR signal and real GPR signal, in both time and frequency domains. The waveform 
and frequency components matched. Figure 5-12 (c) and (d) illustrates a good match of 
surface reflections from simulated GPR signal and real GPR signal. This means that the 
FDTD simulation was well calibrated to the real GPR data based on copper reflection 
and surface reflection. 
 
(a)       (b) 
 
(c)       (d) 
Figure 5-12 Comparison of simulation and real GPR signal using equivalent excitation 
source: (a) copper reflection in time domain; (b) copper reflection in frequency domain; 
(c) surface reflection in time domain; (d) surface reflection in frequency domain. 
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Even though the FDTD simulation was well calibrated, there were sources of 
errors within the simulation which could undermine the accuracy of the simulation 
results. For example, numerical discretization could cause numerical phase error and 
computational boundaries could produce reflections. Choosing proper discretization 
parameters and appropriate PML parameters controlled these errors. To evaluate how 
these errors affect the accuracy of the acquisition of pavement information using GPR 
data, a comparison of input dielectric constant values and dielectric constant values 
obtained from calculation using simulated GPR data were conducted. 
Dielectric constant values obtained from 5 real test sections were used as the 
dielectric constant values of the AC layer in FDTD models. The received surface 
reflection of the GPR signals in FDTD is shown in Figure 5-13. The maximum amplitude 
of surface reflection increased with increasing value of the dielectric constant. The 
simulated GPR signals were used to back-calculate the dielectric constant of the AC 
layer using Equation (2-26). The results are shown in Table 5-1. The accuracy was high 
before the DWT de-noising (with 0.45% average error) and even higher after the DWT 
de-noising (with 0.07% average error). This indicates the selection of parameters in 
FDTD was reasonable. 
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(a) 
 
 (b) 
Figure 5-13 Surface reflection on dry pavement with different dielectric constant values 
in time domain: (a) surface reflection; (b) magnified partial of surface reflection. 
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Table 5-1 Accuracy of Back-calculated Dielectric Constant Results 
Location Actual εAC 
εAC before 
De-noising 
εAC after 
De-noising 
Error before 
De-noising 
Error after 
De-noising 
1 4.801 4.822 4.797 0.43% 0.08% 
2 4.922 4.943 4.918 0.44% 0.08% 
3 5.070 5.092 5.066 0.44% 0.07% 
4 5.325 5.348 5.322 0.44% 0.06% 
5 5.509 5.535 5.506 0.49% 0.05% 
   
Mean Error 0.45% 0.07% 
 
 
5.2 Frequency-Selective Effect 
In this section, the difference of the effect of density variation and surface 
moisture variation on GPR signals is discussed.  
5.2.1 Effect of Density Change on GPR Signal 
As mentioned in Section 2.5.2, the dielectric constant and the density of asphalt 
mixture have a positive correlation. Higher density results in higher dielectric constant 
value. Thus, in FDTD simulation, the different dielectric constant values of asphalt 
mixture were used to reflect different densities. The dielectric constant values of asphalt 
pavement shown in Table 5-1 were used in the simulation. The electrical conductivity of 
the asphalt pavement is usually very small. In the FDTD simulation, the conductivity of 
asphalt pavement, σ, was set to be 1×10-4 S/m. 
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Figure 5-14 shows the propagation of EM wave within the compaction region of 
the dry pavement model. As can be seen, the PML boundaries absorbed the EM wave 
well. At the pavement surface (height = 0.3 m) and the interface of surface layer and 
base layer (height = 0.2 m), part of the EM wave energy was reflected back and part of 
the EM wave energy transmitted through the interfaces. The electric field Ez was 
recorded at the receiving antenna as the receiving signal. The pulse reflected from the 
pavement surface was extracted for further analysis. 
 
(a)      (b) 
Figure 5-14 Propagation of EM wave within the computation region of dry pavement 
model at: (a) 0.8 ns; (b)1.2 ns; (c) 1.8 ns; (d) 2.4 ns; (e) 2.6 ns; (f) 2.8 ns; (g) 3.0 ns; (h) 
3.4 ns. 
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(c)      (d) 
 
(e)      (f) 
Figure 5-14 (cont.) 
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 (g)      (h)  
Figure 5-14 (cont.) 
 
The time domain surface reflections are shown in Figure 5-13. Figure 5-15 (a) 
shows the simulated GPR signals in frequency domain. Figure 5-15 (b) shows a 
magnified part of Figure 5-15 (a) for better visibility. When the dielectric constant value 
increased as a result of the increase in asphalt pavement density, the amplitude of GPR 
signal increased in frequency domain. It should be pointed out that the increase of 
amplitude in the frequency domain occurred over the entire frequency range, which 
means that the whole frequency components were sensitive to the increase of asphalt 
pavement density. This finding was verified by experimental results, as shown in Figure 
5-15 (c) and (d). 
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(a) 
  
(b) 
Figure 5-15 Frequency spectrum of surface reflection on pavement with five different 
dielectric constant values: (a) whole spectrum of simulation data; (b) magnified partial 
spectrum of simulation data; (c) whole spectrum of real data; (d) magnified partial 
spectrum of real data. 
99 
 
 
  
(c) 
  
(d) 
Figure 5-15 (cont.) 
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5.2.2 Effect of Surface Moisture Change on GPR Signal 
Section 5.2.1 illustrates the effect of density change on GPR signals using 
simulated data and real data in time domain and frequency domain. In this section, the 
effect of surface moisture on GPR signal is discussed. 
To generate the GPR signals corresponding to pavement with different surface 
moisture contents in FDTD simulation, the pavement model shown in Figure 3-3 (b) was 
used. Compared with the pavement model in Figure 3-3 (a), which was used to study 
the effect of density change, Figure 3-3 (b) has an additional wet AC layer placed on top 
of the dry AC layer. The variation of surface moisture contents was achieved by 
changing the material property of the wet AC layer. The dielectric constant and the 
conductivity of the wet AC layer changed to simulate the change of the surface moisture 
content. In this study, the dielectric constant value varied from 5.35 to 9 and the 
conductivity varied from 1×10-4 S/m to 200×10-4 S/m. The dielectric constant of 5.35 and 
conductivity of 1×10-4 S/m corresponded to the dry pavement without any moisture. The 
dielectric constant of 9.00 and conductivity of 200×10-4 S/m corresponded to the wet AC 
pavement with the highest moisture content in this study. The selection of these values 
was based on the data collected from various literatures (85–87).  
Figure 5-16 shows the EM wave propagation within the model of pavement with 
surface moisture. The thin wet AC layer is marked with the blue line in Figure 5-16 at 
the height of 0.3 m. The GPR wave reflected by the pavement structure was recorded 
by the receiving antenna as the received GPR signal. 
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(a)      (b) 
 
(c)      (d) 
Figure 5-16 Propagation of EM wave within the computation region of wet pavement 
model at: (a) 0.8 ns; (b)1.2 ns; (c) 1.8 ns; (d) 2.4 ns; (e) 2.6 ns; (f) 2.8 ns; (g) 3.0 ns; (h) 
3.4 ns. 
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(e)      (f) 
 
 (g)      (h)  
Figure 5-16 (cont.) 
 
A parallel laboratory experiment was conducted on test site 1 to generate real 
GPR data which could be used to compare with the simulated GPR data. Figure 5-17 (a) 
shows the setup of the GPR antennas during the tests. Under each antenna, a 3 ft × 3 ft 
(0.91 m × 0.91 m) square area was sprayed with 8.5 oz. (250 mL) of water. A 
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compressed air sprayer, shown in Figure 5-17 (b), was used to spray a controlled 
amount of water evenly. The amount of water sprayed in the test was comparable to the 
amount sprayed by a compactor during compaction. The amount of water sprayed in 
the test was calculated by assuming a compactor with a 5.6 ft (1.7 m) wide drum 
spraying 198 gal. (750 L) water on 6,562 ft (2,000 m) of pavement (62). The GPR data 
was collected after spraying the water at 1-min intervals until the pavement was dry. In 
this test, the change in the GPR signal with different amounts of remaining surface 
water was captured. 
    
(a)      (b) 
Figure 5-17 Laboratory experiments to investigate the effect of surface moisture on 
GPR signal: (a) surface moisture areas under the antennas; (b) compressed air sprayer 
for even application of water. 
 
In both FDTD simulation and laboratory experiments, the surface reflection of 
GPR signal increased with the increase of surface moisture content in time domain. The 
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surface reflection signals were then transferred to frequency domain using Fourier 
transform and the frequency spectrum shown in Figure 5-18. 
The GPR data obtained from the FDTD simulation is shown in Figure 5-18 (a) 
and (b). Figure 5-18 (a) shows the entire frequency spectrum of the surface reflection in 
the simulated GPR signal. Part of Figure 5-18 (a) is magnified in Figure 5-18 (b) for 
better visibility. Higher frequency components increased more than lower frequency 
components as a result of the increase in surface moisture content. This was the major 
difference between the change of signal when moisture content varied and the change 
of signal when pavement density varied. And this “frequency-selective” effect shown in 
the simulation study was verified by experimental GPR data. Figure 5-18 (c) and (d) 
shows the GPR data obtained from the laboratory experiment. The red line in Figure 
5-18 (c) and (d) shows that, right after water was sprayed on pavement, the amplitude 
increased to the highest level. The amplitude curve decreased with time because less 
and less water remained on the surface. After 35 min, the amplitude curve became very 
close to the amplitude curve of dry pavement, which indicates that the pavement was 
almost dry after 35 min of water evaporation. The registered variation was primarily 
attributed to higher frequency components (i.e. larger than 1 GHz) caused by the 
increase in moisture content. The lower frequency components (i.e. less than 1 GHz), 
on the other hand, almost kept the same amplitude. 
In addition to the analysis of simulated GPR data and experimental GPR data, 
GPR data from real construction site were also investigated. Fourier transform was 
performed on the GPR data shown in Figure 4-4. The frequency spectrum is shown in 
Figure 5-19. As seen in Figure 5-19 (a) and (b), the increase of amplitude was mainly 
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attributed to the high frequency components and low frequency components almost 
kept the same amplitude. The field test results verify the findings in the simulation study 
and laboratory experimental study. 
 
(a) 
Figure 5-18 Frequency spectrum of surface reflection data on pavement with eight 
different surface moisture contents: (a) whole spectrum of simulation data; (b) magnified 
partial spectrum of simulation data; (c) whole spectrum of real data; (d) magnified partial 
spectrum of real data. 
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(b) 
 
(c) 
Figure 5-18 (cont.) 
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(d) 
Figure 5-18 (cont.) 
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(a) 
 
(b) 
Figure 5-19 Frequency spectrum of surface reflection data on asphalt pavement in real 
construction site: (a) whole spectrum of GPR data collected from real construction site; 
(b) magnified partial spectrum of GPR data collected from real construction site. 
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In this section, the GPR data obtained from FDTD simulation, laboratory 
experiments, and real construction site was investigated. The data showed the 
frequency-selective effect when surface moisture content varied. Comparing Figure 
5-15, Figure 5-18, and Figure 5-19, it is easy to distinguish the effect of density variation 
and the effect of surface moisture content variation on GPR signals. This indicates that 
lower frequency components, which are sensitive to density change but insensitive to 
moisture content variation, could be a good feature for monitoring density change during 
compaction with minimum influence from surface moisture variation.  
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CHAPTER 6 LABORATORY EXPERIMENTS AND ALGORITHM DEVELOPMENT 
The difference between the effects of density variation and surface moisture 
variation on GPR signal was investigated and the frequency-selective effect was found. 
The next step was to develop algorithms to eliminate the effect of surface moisture 
while keeping the effect of density change. This section describes the research efforts 
made to develop this “correction algorithm”. 
6.1 Stability Analysis of GPR Signal 
Stability of the GPR data is of great importance to the accuracy of density 
measurements using GPR. In the application of compaction monitoring using GPR, the 
variation of surface reflection amplitude is mainly attributed to the change of density and 
variation of moisture content. However, even if neither density nor moisture content 
changes, and assuming there is no significant external noise, the surface reflection 
amplitude of the GPR signal could still fluctuate. This type of fluctuation is related to the 
hardware of the system, and it cannot be eliminated by the correction algorithm in this 
study. Therefore, it was critical to investigate the inherent stability of the GPR data to 
understand the limitation of the accuracy the correction algorithm could reach. 
The instability of the GPR data could result from all components of the GPR 
equipment, including the transmitting and receiving antennas, power supply, analog-to-
digital converter, timing system, and data acquisition control unit. Each of these 
components has particular characteristics and stability. When all components work 
together to generate GPR signals, fluctuation within the signals can be induced by 
factors such as temperature and humidity variation, internal electrical noises, and 
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feeding voltage fluctuation. To quantify the fluctuation caused by the hardware of GPR 
system, static GPR data collection (collecting data on one spot) is usually conducted 
and the variation of certain quantities from trace to trace is calculated. 
The quantities of the stability test include the amplitude of the surface reflection 
or the time position of the surface reflection. Depending on the period of the evaluation, 
there are two types of stability tests: Short term and long term stability test (88–90). 
In this study, the amplitude stability was evaluated both in short term and long 
term. The amplitude stability is particularly important because the accuracy of density 
estimation depends on the accuracy of the calculation of dielectric constant, which is 
directly related to the accuracy of the amplitude of surface reflection. 
Based on the criteria proposed by Texas Transportation Institute (91), the short 
term amplitude stability is defined as the variation of the surface reflection amplitude 
from trace to trace in 100 GPR traces, which is shown in Equation (6-1): 
( )max min
av
a
e
mp
A A
J
A

  (6-1) 
where Jamp represents the short term variation of the amplitude; Amax and Amin are 
the maximum and minimum values of the amplitude of the surface reflection for 100 
traces, respectively;  and Aave is the average amplitude of the surface reflection of the 
100 traces. 
 
To obtain the long term amplitude variation (LAV), static GPR data was collected 
for 2 hours with the first 20 min as the warm-up period. LAV is defined by Equation (6-2): 
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( )max minA ALAV
A

  (6-2) 
where LAV represents the long term variation of the amplitude; Amax and Amin are 
the maximum and minimum values of the amplitude of the surface reflection between 20 
min and 120 min; and A20 is the amplitude of surface reflection of the signal collected at 
20 min of warm up period. 
 
The GSSI 2.0-GHz air-coupled antenna was placed on top of a copper plate and 
static GPR data was collected every minute for around 140 min. In each of the 140 data 
files, more than 600 GPR scans were collected. The scans from scan number 101 to 
scan number 600 were extracted and the average value of the reflection amplitude from 
copper for the 500 GPR scans was calculated. The value versus the time was plotted to 
evaluate the long term variation of the amplitude. As shown in Figure 6-1, the reflection 
amplitude decreased within the first 20 min and then became relatively stable. Figure 
6-2 depicts the variation of reflection amplitude after 20 min. The variation was then 
plotted after 20 min in a histogram figure, as shown in Figure 6-3. After 20 min, the 
amplitude of the surface reflection varied within the range of ±0.8% of the mean value, 
except for one file. The value of LAV was 1.65%, which satisfies the requirement of 
being less than 3% (91). The short term amplitude variation Jamp was calculated at every 
10-minute interval. As shown in Figure 6-4, the value of Jamp did not drop after the 
warm-up period. Although warming up the GPR system did not lower down the Jamp 
values, all of the Jamp  values were smaller than 1% with a mean value of 0.61%, which 
satisfies the requirement of being less than 1% (91). 
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The long term stability value determines the upper limit of the accuracy of the 
correction algorithm. When two GPR data files were collected on the same pavement 
before and after spraying a certain amount of water, the difference of the surface 
amplitude was attributed to the surface moisture and the long term stability (density did 
not have effect because the two data files were collected from the same location). The 
correction algorithm could eliminate the effect of surface moisture, but the contribution 
of long term instability was not eliminated. Because the LAV was 1.65%, the hardware 
instability might cause ±0.825% of fluctuation in the signal. 
  
 
Figure 6-1 Long term variation of the reflection amplitude from copper. 
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Figure 6-2 Long term variation of the reflection amplitude from copper after 20 min. 
 
 
Figure 6-3 Histogram of reflection amplitude after 20 min using 30 bins. 
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Figure 6-4 Short term stability Jamp at 10-min intervals. 
 
6.2 Band-Pass Filtering Approach 
As discussed in Section 5.2, the lower frequency components contain the density 
information, but are not affected by the variation of the surface moisture content. A 
band-pass filter could be applied to extract the low frequency components of the signal 
and turn it into a good feature indicating the density of the asphalt pavement. 
Figure 6-5 (a) depicts an ideal band-pass filter. Only the frequency components 
between low-cutting frequency, fl, and high-cutting frequency, fh, are preserved (92). 
The low frequency components of the signal could be preserved by using low frequency 
values as the cutting frequencies fl and fh. Figure 6-5 (b) shows an example of the signal 
after filtering. The surface reflection amplitude decreased from Ao to Afo because the 
frequency components outside the passing band were discarded. By applying different 
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band-pass filters, it was possible to plot and compare the Afo values at different times 
after the water was sprayed. The data processing procedure is summarized as follows: 
 Extraction of the surface reflection from the original signal in the time domain 
 Application of the band-pass filter (e.g., 200 MHz to 1.5 GHz) to each scan of the 
surface reflection 
 Extraction of the amplitude of the surface reflection, Afo, in the signal after filtering 
 Obtaining the mean value in each GPR data file for all the selected scans 
 Repetition of the above four steps for all other GPR data files and normalization 
of the mean values relative to the data of the dry pavement. The normalized 
value was considered the feature value corresponding to specific band-pass 
filtering 
 Plotting the feature value versus the time after spraying water 
 Adjustment of the cutting frequencies, fl and fh, and repetition of all the above 
steps  
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(a) 
 
(b) 
Figure 6-5 Filtering GPR surface reflection signal: (a) ideal band-pass filter; (b) original 
GPR surface reflection signal and post band-pass filtered signal. 
 
Figure 6-6 shows several plots of feature values using different band-pass filters. 
When the water was sprayed on the pavement, the surface reflection amplitude of the 
original signal increased by 6.2%. When the water evaporated over time, the surface 
reflection amplitude became smaller and finally reached 100%, which indicated the 
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pavement was dry. If a band-pass filter with cutting frequencies of 0.2 GHz and 2 GHz 
was used, the increase in the reflection amplitude right after the water was sprayed was 
smaller compared with the original data without filtering. This feature indicated less 
sensitivity to surface moisture. When 0.2 to 0.8 GHz was used as cutting frequencies, 
the feature value remained around 100% (within 1% error) with different amounts of 
water, which meant it was insensitive to water. 
 
Figure 6-6 Comparison of feature value plots using different feature extraction 
approaches. 
 
This approach can extract the feature which is insensitive to surface moisture. 
But the disadvantage of this approach is that it is difficult to obtain the real density 
values. The band-pass filtering keeps only part of the frequency components of the 
signal and the surface reflection amplitude is significantly smaller after the filtering. This 
prevents direct utilization of Equations (2-26) and (2-30) to obtain dielectric constant 
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and density values. Therefore, another approach was developed which will be 
described in Section 6.3. 
6.3 Correction Algorithm Using Reference Scan Approach 
The reference scan approach is based on the assumption that asphalt mixture is 
a homogeneous, frequency-independent, and lossless material for the GPR wave. 
When the density of the dry pavement increases, the amplitude of the surface reflection 
pulse also increases, but the shape of the surface pulse remains the same. The shape 
in time domain dominates the frequency spectrum in frequency domain. Therefore, in 
frequency domain, the amplitudes over the entire frequency range increase by the same 
percent and the distribution of the amplitude over the entire frequency range remains 
the same. This has been showed in Figure 5-15 as well as in Figure 6-7. As shown in 
Figure 6-7, the reflection coefficient remains the same over the frequency range from 
0.2 to 3.5 GHz, which is the main frequency range of the GPR signal. The fluctuations 
close to 0 and 3.5 GHz might be caused by quantization error, when the amplitudes at 
these frequency range becomes very small. 
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Figure 6-7 Change of reflection coefficients when density changes. 
 
When water is sprayed on the pavement, the distribution of amplitude over 
frequency axis changes. Based on the frequency-selective effect, the change caused by 
surface moisture only occurs over the high frequency range. If a reference signal on dry 
pavement is known, which means the distribution of the amplitude over the entire 
frequency is known, the signal collected from the wet pavement can be recovered to the 
signal collected from the dry pavement by multiplying a correction factor to the 
amplitude of the reference signal over the whole the frequency. The correction factor is 
determined by comparing the amplitudes of the low frequency components of the 
reference signal and the amplitudes of the low frequency components of the signal 
collected from wet pavement. This approach is described in detail in the following 
procedure: 
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 A reference GPR scan is obtained for a specific asphalt mixture. The surface 
reflection pulse is extracted. The frequency spectrum of the surface reflection pulse 
is obtained using Fourier transform. It defines the distribution of the frequency 
spectrum of GPR surface pulses reflected by the dry asphalt pavement, which 
means that when the density changes, the amplitude changes but the distribution 
remains the same in frequency domain. 
 The GPR surface reflection pulse collected from asphalt pavement with surface 
moisture is transformed into frequency domain using Fourier transform. By 
comparing the amplitude of its low frequency components with the amplitude of the 
low frequency components of the reference scan, a correction factor is obtained. 
 By multiplying the correction factor with the reference scan in frequency domain, 
a new frequency spectrum is obtained. This spectrum has the same frequency 
distribution as the reference scan, with the only difference being the amplitude. This 
frequency spectrum is the “recovered” GPR signal. The amplitude of surface 
reflection in time domain can be obtained using inverse Fourier transform. 
 
In real construction, the reference scan can be collected on a dry and well 
compacted test pad or a test strip. A test pad or test strip is usually constructed to 
determine the optimized number of roller passes before construction. In the laboratory 
experiments in this study, the reference scan was collected from section with maximum 
number of roller passes under dry condition. 
To develop the reference scan approach, extensive GPR data collection was 
conducted on test site B. GPR data corresponding to different densities and different 
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moisture contents was collected. On each of the 11 sections, grid 4-C and grid 11-C 
were selected for GPR data collection. The section number means the number of roller 
passes (Figure 3-6). Grid 4-C and grid 11-C are two locations in the middle of the 
section (Figure 3-9). Because all GPR data were collected at grid C, the letter “C” is 
omitted hereafter. (e.g., section 10 grid 11-C is written as section 10 grid 11). A total of 
22 locations were selected as GPR testing locations. The procedure of the test is 
described in the following: 
 Alignment of  GPR antenna to the test location 
 Collection of GPR data on the dry asphalt pavement 
 Spraying the prescribed amount of water on the pavement below the GPR 
antenna and collection of GPR data 
 Repetition of the above procedure on different test locations of test site B 
 After the pavement is completely dry (more than one day), repetition of the 
above procedure by spraying different amounts of water 
 
Four different amounts of water were sprayed in this study, including 100 mL, 
150 mL, 200 mL, and 300 mL to simulate different amounts of surface moisture on 
asphalt pavement during compaction. As discussed in Section 4.2, the amounts of 
sprayed water sprayed were determined based on the observations from field tests. The 
increase of the surface reflection amplitude of the GPR signals should cover the range 
of 1% to 6%. The true increase of the surface reflection amplitude after spraying the 
four amounts of water is shown in Figure 6-16 and will be discussed later. 
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As shown in Figure 6-8, water was sprayed using a sprayer powered by an air 
compressor. Water was sprayed evenly on a 1.94 ft × 3.54 ft (0.59 m × 1.08 m) area 
below GPR antenna which should be large enough to cover the footprint of the GPR 
wave. The area of surface moisture was equal to 12 pre-marked grids. Figure 6-9 
depicts the moisturized area after spraying 150 mL water. 
 
Figure 6-8 Spraying water on asphalt pavement using an air compressed sprayer. 
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Figure 6-9 Moisturized area under the GPR antenna after spraying 150 mL water. 
 
An example is used to explain the reference scan approach. Figure 6-10 (a) 
depicts the GPR signal on section 6 grid 4 of the test site B. The blue curve is the GPR 
scan on dry pavement. The red curve is the GPR scan on wet pavement after spraying 
150 ml water. Figure 6-10 (b) shows the surface reflection pulse. It can be seen clearly 
that the amplitude of the pulse increased after spraying the water. The maximum 
amplitude was 1.9653×104 for the GPR signal on dry pavement and 2.0138×104 for the 
signal on wet pavement. The increase of the amplitude as a result of the addition of 
surface moisture was 2.47%. The frequency spectrum of the surface reflection shown in 
Figure 6-10 (c) was obtained by applying Fourier transform on the time domain signal. 
In frequency domain, the frequency-selective effect was observed: the increase of 
amplitude occurred mainly over the high frequency range while the lower frequency 
components hardly changed.  
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(a) 
 
(b) 
Figure 6-10 GPR signal on section 6 grid 4 – dry and wet condition: (a) original signal in 
time domain; (b) surface reflection pulse in time domain; (c) frequency spectrum of 
surface reflection pulse. 
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(c) 
Figure 6-10 (cont.) 
 
The next step was to choose a reference GPR scan. The GPR scan after the 
final compaction was used as the reference scan. Figure 6-11 (a) shows the reference 
scan collected from section 10 grid 4 which has 10 roller passes. Figure 6-11 (b) shows 
the surface reflection pulse of the reference scan. And Figure 6-11 (c) shows the 
frequency spectrum of the surface reflection pulse of the reference scan. 
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(a) 
 
(b) 
Figure 6-11 Reference GPR scan from section 10 grid under dry condition: (a) original 
signal in time domain; (b) surface reflection pulse in time domain; (c) frequency 
spectrum of surface reflection pulse. 
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(c) 
Figure 6-11 (cont.) 
 
Figure 6-12 shows a comparison of frequency spectrums of GPR surface 
reflection pulses from dry pavement, wet pavement and reference scan. A correction 
factor was calculated by comparing the amplitudes of signal collected from wet 
pavement and the reference scan at low frequency.  
In choosing the frequency point to obtain the correction factor, a trade-off should 
be considered. Theoretically, lower frequency is less affected by the surface moisture 
and should be used. However, in reality, if the amplitudes of the low frequency 
components are too small, larger relative error will be introduced into the calculation of 
the correction factor. In order to determine the optimum frequency point, a comparison 
of reflection coefficients obtained from theory, from simulation and from real 
measurement was made. Using Equation (A-7), the theoretical solution is plotted in 
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Figure 6-13 (a). When surface moisture was added in the simulation, the amplitude 
increases exponentially with frequency. The simulation results show the same trend, as 
shown in Figure 6-13 (b). The curves in Figure 6-13 (b) is slightly different from the 
theoretical solution in Figure 6-13 (a) because of quantization error and the error 
induced from discretization of the time and space. As shown in Figure 6-13 (c), in real 
cases, the amplitude also increases exponentially with frequency. The curves in the real 
cases display more fluctuations and the values at specific frequencies also differ from 
the theoretical solution and simulation cases. This is expected because of the increased 
complexity of the real condition as compared to the simulation condition. But generally 
the trend of the curves are the same both in the simulaiton cases and in the real cases. 
 
 
Figure 6-12 Frequency spectrums of GPR surface reflection of dry scan, wet scan and 
reference scan. 
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(a) 
Figure 6-13 Reflection coefficient when different amount of surface moisture contents 
applied: (a) theoretical data; (b) simulation data; (c) real data. 
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(b)
 
(c) 
Figure 6-13 (cont.) 
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The curves in the real cases, Figure 6-13 (c), are used to determine the optimum 
frequency point. It is found that 1.1 GHz is a good frequency point for calculating the 
correction factor for two reasons: (1) 1.1 GHz is significantly lower than the central 
frequency so the amplitude at this frequency is close to 1, which is shown in Figure 6-13 
(b); (2) 1.1 GHz is large enough (larger than frequency point such as 0.5 GHz) so it has 
relatively good stability. Therefore, it was selected in this study. The amplitude at 1.1 
GHz is 1041.5 for reference scan and 1096.2 for the signal from wet pavement. So, the 
correction factor is 1096.2/1041.5 = 1.0525.  
By multiplying the correction factor with the reference scan in frequency domain, 
the signal was obtained after correction in frequency domain, as shown Figure 6-14. 
The signal after correction did not perfectly match the signal collected from dry 
pavement, but both signals were very similar. The time domain signal obtained using 
inverse Fourier transform, as shown in Figure 6-15. Figure 6-15 (b) shows that the 
signal after correction was also very close to the signal collected from dry pavement.  
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(a) 
 
(b) 
Figure 6-14 Frequency spectrums of GPR surface reflection of dry scan, wet scan, 
reference scan and the scan after correction: (a) whole spectrum; (b) magnified partial 
of the spectrum. 
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(a) 
 
(b) 
Figure 6-15 Time domain GPR surface reflection of dry scan, wet scan, reference scan 
and the scan after correction: (a) whole surface pulse; (b) magnified partial of the peak. 
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The effectiveness of the correction algorithm using reference scan approach is 
shown in Table 6-1. The error caused by surface moisture before the correction 
algorithm was 2.47%. After correction, the error was reduced to 0.3%, indicating the 
effectiveness of the correction algorithm. 
 
Table 6-1 Effect of Correction Algorithm on GPR Signal Collected on Section 4 Grid 6 
Type of Signal Dry Wet 
After 
Correction 
Surface Reflection 
Amplitude (×104) 
1.9653 2.0138 1.9594 
Error (%) - 2.47 0.30 
 
The above example showed the performance of the correction algorithm when 
150 ml water was sprayed onto the pavement at section 6 grid 4. The GPR test matrix 
on test site B included data collection on 22 locations with 4 different amounts (100 mL, 
150 mL, 200 mL and 300 mL) of water sprayed on the pavement. The same procedure 
was applied to correct each signal collected from wet pavement to resemble the signal 
collected from dry pavement. The performance of the algorithm on the 22 locations is 
discussed hereafter.  
After spraying water, the surface reflection amplitude increased. The percentage 
of increase in surface reflection amplitude is shown in Figure 6-16. The x-axis is the 
location expressed by section number and grid number. For example, “S0G4” means 
section 0 grid 4, and “S0G11” means section 0 grid 11 (see Figure 3-6 and Figure 3-9). 
As expected, when more water was sprayed, the surface reflection amplitude increased. 
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There were two exceptions at locations S1G11 (section 1 grid 11) and S8G11 (section 8 
grid 11) where the increase of amplitude was slightly higher when spraying 100 mL 
compared with the increase of amplitude when 150 mL of water was sprayed. This 
might be caused by the imperfect control of spraying water and the measurement error. 
Figure 6-16 shows that when the same amount of water was sprayed on different 
locations, the increases of amplitude were different. Generally, the increase of 
amplitudes on less compacted sections (such as section 0 and section 1) was higher 
than the increase of amplitudes on well compacted sections (such as section 9 and 
section 10). This could be explained by the different distribution of water on pavement 
with different levels of compaction. This trend was more obvious when 100 mL, 150 mL 
and 200 mL water were sprayed. When 300 mL water was sprayed, the trend was less 
obvious. The percentage of the increase after spraying 300 mL water was extremely 
high (ranges from 10% to 20%), which is less likely to occur in the field. But this case is 
included in this study to cover a wider range. 
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Figure 6-16 Percentage of the surface reflection amplitude after spraying water over the 
amplitude when pavement is dry. 
 
An ideal correction algorithm should be able to transform the 88 values in Figure 
6-16 into 100%. By using the reference scan approach as the correction algorithm, the 
percentage values were corrected towards 100%. The accuracy of the correction 
algorithm when different amounts of water were sprayed is presented hereafter.  
Table 6-2 shows the change in reflection amplitude when 100 mL water was 
sprayed. The average increase of the amplitudes before the correction algorithm was 
1.89%. After the application of the correction algorithm, the average percentage of the 
amplitudes on wet pavement over the amplitudes on dry pavement was 99.61% and the 
average error was 0.96%. The data in Table 6-2 are plotted in Figure 6-17 and Figure 
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6-18. As shown in Figure 6-17, the percentage values decreased after the application of 
correction algorithm. Some of the percentage values dropped below 100%. Similarly in 
Figure 6-18, most of the errors decreased but the error values at locations of S2G11, 
S3G4, S3G11 and S4G4 were higher than the original errors. This means that in these 
cases the correction algorithm “over-corrected” the signals. This type of errors could be 
caused by a few reasons such as the difference of frequency distributions of reference 
scan and the GPR signal collected from dry pavement, the noise from hardware and the 
environment noise. Overall, the correction algorithm resulted in a good performance as 
it successfully eliminated the effect of the surface moisture on most locations when 100 
mL water was sprayed. 
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Table 6-2 Change of Reflection Amplitudes after Spraying 100 mL Water 
Section No. Grid No. 
Ratio of 
Amplitude: 
Wet Over Dry 
(%) 
Error (%) 
Ratio of 
Amplitude 
after 
Correction (%) 
Error (%) 
0 4 104.23 4.23 100.01 0.01 
0 11 102.67 2.67 100.78 0.78 
1 4 103.27 3.27 100.54 0.54 
1 11 103.58 3.58 100.35 0.35 
2 4 101.83 1.83 99.15 0.85 
2 11 101.08 1.08 97.42 2.58 
3 4 102.14 2.14 97.21 2.79 
3 11 102.22 2.22 97.70 2.30 
4 4 100.59 0.59 98.03 1.97 
4 11 101.97 1.97 99.79 0.21 
5 4 101.73 1.73 99.84 0.16 
5 11 100.86 0.86 99.54 0.46 
6 4 101.72 1.72 99.62 0.38 
6 11 100.98 0.98 99.01 0.99 
7 4 101.07 1.07 100.10 0.10 
7 11 101.77 1.77 100.93 0.93 
8 4 101.12 1.12 100.50 0.50 
8 11 101.44 1.44 98.75 1.25 
9 4 101.81 1.81 99.54 0.46 
9 11 101.90 1.90 101.64 1.64 
10 4 101.63 1.63 101.47 1.47 
10 11 102.02 2.02 99.54 0.46 
Average 101.89 1.89 99.61 0.96 
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Figure 6-17 Percentage of the surface reflection amplitude after spraying 100 mL water 
over the amplitude when pavement is dry – before and after correction algorithm. 
 
Figure 6-18 Error of the surface reflection amplitude after spraying 100 mL water – 
before and after correction algorithm. 
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The performance of the correction algorithm when 150 mL water was sprayed is 
shown in Table 6-3, Figure 6-19, and Figure 6-20. The average error of the surface 
reflection amplitude was 2.91% before the correction algorithm. After the application of 
correction algorithm, the error decreased to 1.27%. As shown in Figure 6-20, except for 
the errors at locations of S3G11 and S8G11, which slightly increased after applying the 
correction algorithm, most errors decreased. 
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Table 6-3 Change of Reflection Amplitudes after Spraying 150 mL Water 
Section No. Grid No. 
Ratio of 
Amplitude: 
Wet Over Dry 
(%) 
Error (%) 
Ratio of 
Amplitude 
after 
Correction (%) 
Error (%) 
0 4 105.01 5.01 101.14 1.14 
0 11 103.95 3.95 101.99 1.99 
1 4 103.79 3.79 101.92 1.92 
1 11 103.41 3.41 99.88 0.12 
2 4 103.67 3.67 97.56 2.44 
2 11 103.22 3.22 96.95 3.05 
3 4 103.60 3.60 98.24 1.76 
3 11 102.87 2.87 97.00 3.00 
4 4 102.39 2.39 98.10 1.90 
4 11 103.19 3.19 99.95 0.05 
5 4 103.87 3.87 100.82 0.82 
5 11 102.21 2.21 99.20 0.80 
6 4 102.47 2.47 99.70 0.30 
6 11 101.44 1.44 99.45 0.55 
7 4 101.78 1.78 99.66 0.34 
7 11 102.44 2.44 100.95 0.95 
8 4 101.94 1.94 100.84 0.84 
8 11 101.24 1.24 98.33 1.67 
9 4 103.19 3.19 100.37 0.37 
9 11 103.25 3.25 102.02 2.02 
10 4 102.87 2.87 101.48 1.48 
10 11 102.11 2.11 99.54 0.46 
Average 102.91 2.91 99.78 1.27 
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Figure 6-19 Percentage of the surface reflection amplitude after spraying 150 mL water 
over the amplitude when pavement is dry – before and after correction algorithm. 
 
Figure 6-20 Error of the surface reflection amplitude after spraying 150 mL water – 
before and after correction algorithm. 
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The performance of the correction algorithm when 200 mL water was sprayed is 
shown in Table 6-4, Figure 6-21, and Figure 6-22. The average error decreased from 
5.93% to 1.44%. As can be seen from Figure 6-22, all errors decreased after the 
correction algorithm was applied. 
Table 6-4 Change of Reflection Amplitudes after Spraying 200 mL Water 
Section No. Grid No. 
Ratio of 
Amplitude: 
Wet Over Dry 
(%) 
Error (%) 
Ratio of 
Amplitude 
after 
Correction (%) 
Error (%) 
0 4 109.06 9.06 102.60 2.60 
0 11 109.34 9.34 104.18 4.18 
1 4 105.21 5.21 101.13 1.13 
1 11 105.41 5.41 100.42 0.42 
2 4 107.45 7.45 97.71 2.29 
2 11 108.02 8.02 95.20 4.80 
3 4 106.76 6.76 98.73 1.27 
3 11 106.03 6.03 97.53 2.47 
4 4 105.18 5.18 97.54 2.46 
4 11 106.93 6.93 100.26 0.26 
5 4 106.14 6.14 100.20 0.20 
5 11 104.74 4.74 99.92 0.08 
6 4 105.41 5.41 99.81 0.19 
6 11 104.95 4.95 99.32 0.68 
7 4 103.28 3.28 99.47 0.53 
7 11 104.49 4.49 101.00 1.00 
8 4 105.84 5.84 101.52 1.52 
8 11 106.30 6.30 100.09 0.09 
9 4 104.14 4.14 99.40 0.60 
9 11 105.35 5.35 101.43 1.43 
10 4 106.20 6.20 102.55 2.55 
10 11 104.20 4.20 99.06 0.94 
Average 105.93 5.93 99.96 1.44 
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Figure 6-21 Percentage of the surface reflection amplitude after spraying 200 mL water 
over the amplitude when pavement is dry – before and after correction algorithm. 
 
Figure 6-22 Error of the surface reflection amplitude after spraying 200 mL water – 
before and after correction algorithm. 
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The performance of the algorithm when 300 mL water was sprayed is shown in 
Table 6-5, Figure 6-23, and Figure 6-24. The average decreased from 14.25% to 2.3%. 
As shown in Figure 6-24, all errors for different locations decreased after the correction 
algorithm was applied.  
 
Table 6-5 Change of Reflection Amplitudes after Spraying 300 mL Water 
Section No. Grid No. 
Ratio of 
Amplitude: 
Wet Over Dry 
(%) 
Error (%) 
Ratio of 
Amplitude 
after 
Correction (%) 
Error (%) 
0 4 116.39 16.39 97.48 2.52 
0 11 113.63 13.63 97.81 2.19 
1 4 119.80 19.80 103.00 3.00 
1 11 116.92 16.92 101.23 1.23 
2 4 113.88 13.88 100.53 0.53 
2 11 113.71 13.71 95.73 4.27 
3 4 121.04 21.04 103.33 3.33 
3 11 118.81 18.81 101.90 1.90 
4 4 108.84 8.84 96.16 3.84 
4 11 117.25 17.25 100.83 0.83 
5 4 119.60 19.60 103.79 3.79 
5 11 110.73 10.73 100.38 0.38 
6 4 108.76 8.76 96.86 3.14 
6 11 111.30 11.30 98.67 1.33 
7 4 113.82 13.82 101.70 1.70 
7 11 116.68 16.68 103.45 3.45 
8 4 113.07 13.07 100.60 0.60 
8 11 111.03 11.03 98.98 1.02 
9 4 109.91 9.91 99.25 0.75 
9 11 113.51 13.51 103.03 3.03 
10 4 114.00 14.00 103.54 3.54 
10 11 110.82 10.82 95.78 4.22 
Average 114.25 14.25 100.18 2.30 
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Figure 6-23 Percentage of the surface reflection amplitude after spraying 300 mL water 
over the amplitude when pavement is dry – before and after correction algorithm. 
 
Figure 6-24 Error of the surface reflection amplitude after spraying 300 mL water – 
before and after correction algorithm. 
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Overall, the correction algorithm successfully reduced the errors of the reflection 
amplitudes caused by surface moisture. A reduced error in the reflection amplitude 
would result in a reduced error in estimation of the density of asphalt pavement. In the 
next section, the errors of the density estimation will be compared before and after the 
application of the correction algorithm. 
6.4 Density Estimation Results 
After the application of the correction algorithm on the GPR data collected from 
wet pavement, density estimation model could be applied to obtain the density of the 
asphalt mixture. In this study, the ALL model, shown in Equation (2-30), was used to 
obtain Gmb values from the dielectric constant values of the mixture. 
On test site B, 22 cores were taken from the GPR data collection locations, as 
shown in Figure 6-25. As discussed in Section 2.3.1, the SSD method is not as accurate 
as the CoreLok method for measuring the densities of asphalt cores with high air void 
contents. The 22 cores included samples with high air void contents. Therefore, the 
SSD method was not suitable for the density measurement and, therefore, the CoreLok 
method was used in this study. In addition, although the maximum specific gravity Gmm 
was given by the asphalt plant before the construction of test site B, it was better to 
obtain the lab-measured Gmm using the sample taken form the test site. Therefore, Gmm 
measurement test was also conducted in the laboratory using the CoreLok machine. As 
shown in Table 3-2, the Gmm value from the asphalt plant was 2.468. The laboratory 
measured Gmm using the sample collected during the construction was 2.462. The 
difference between these two values was 0.2%. The value of 2.462 was used in this 
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study. During the measurement of the Gmb, it was critical to ensure the samples were 
completely dry. CoreDry machine, as shown in Figure 6-26, was used to dry all the 
cores. Figure 6-27 depicts the CoreLok machine which was used to obtain the Gmb 
value. 
 
Figure 6-25 Cores taken from test site B. 
 
Figure 6-26 CoreDry machine used to ensure the sample is dry. 
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Figure 6-27 CoreLok machine for Gmb tests. 
 
The value of Gse, which is needed for applying ALL model, is sometimes not 
given by the asphalt plant. The Gse value could be easily calculated by using the 
Equation (6-3). For the material used on test site B, the Gse value was 2.694.  
100
100



b
se
b
mm b
P
G
P
G G
 
(6-3) 
where Gb is the specific gravity of asphalt, which is usually a constant around 
1.015. 
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To obtain the density of the asphalt pavement using GPR, the first step was to 
obtain the dielectric constant values. The dielectric constant of the dry pavement is 
shown in Figure 6-28. Despite some fluctuations, the trend of the dielectric constant 
value was clear: The dielectric constant value increased with more roller passes. 
 
Figure 6-28 Dielectric constant values obtained using GPR data collected from dry 
pavement. 
 
The second step was to apply the ALL model to obtain Gmb values. All the 
parameters in the ALL model, as shown in Equation (2-30), were known except for one 
unknown value, the dielectric constant of aggregate εs. The value of εs could be back-
calculated using the Gmb value of one core. The location of S10G11 (section 10 grid 11) 
was selected as the core location for back-calculating εs. The Gmb value was 2.301 from 
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the core. The back-calculated dielectric constant value of aggregate εs was 7.305. The 
densities for all 22 locations could be obtained, as shown in Table 6-6. The values of 
Gmb and air void content from cores and from GPR are plotted in Figure 6-29 and Figure 
6-30.  
As seen in Table 6-6, the Gmb and air void content values obtained from GPR 
measurement on the less-compacted locations had higher errors compared with those 
on well-compacted locations. For example, on section 0 grid 4, the air void content Va 
was 20.9% from the core. The Va from the GPR measurement was 15.6% with a 5.3% 
difference. The Gmb estimation error from GPR was 6.7%. In contrast, on the location of 
section 9 grid 11, the error of Gmb estimation from GPR was 0.5% and the difference of 
Va was 0.5%. The errors were much smaller than the errors on section 0 grid 4 because 
the ALL model is developed based on the data obtained from well-compacted asphalt 
mixture.  
The performance of the model for the estimation of the density on less-
compacted asphalt mixture (such as loose mix and mixture with only 1 or 2 roller passes) 
was not as good as its performance on well-compacted asphalt mixture. Luckily, the 
inaccuracies at roller passes of 0, 1 and 2 were not problematic because in most 
asphalt pavement constructions, the roller passes exceeded three and the initial 
densities of the asphalt mixture after the placement of paver were not of great interest 
as they could not affect the total number of roller passes. 
As seen from Table 6-6, the average error of Gmb values of the 22 locations was 
1.5%. If the data was considered after 2 passes only (sections 0, 1, and 2 were 
excluded), the average Gmb error would be 0.8%. If the data was considered after 3 
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passes only (sections 0, 1, 2, and 3 were excluded), the average Gmb error would be 
0.7%. Similarly, the average difference of air void contents of all the 22 locations was 
1.2%. The average difference dropped to 0.7% when the sections were considered after 
2 roller passes. The value dropped to 0.6% when the sections were considered after 3 
roller passes. Using GPR data and the ALL model, the density of the dry asphalt 
pavement could be obtained with reasonable accuracy. 
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Table 6-6 Comparison of Densities Obtained from Cores and from GPR Data Collected 
on Dry Pavement 
Section 
No. 
Grid No. 
Gmb from 
Cores 
Gmb from 
GPR 
Error of 
Gmb (%) 
Va (%) 
from 
Cores 
Va (%) 
from GPR 
Difference 
of Va (%) 
0 4 1.947 2.077 6.7 20.9 15.6 5.3 
0 11 1.940 2.059 6.1 21.2 16.4 4.8 
1 4 2.069 2.126 2.7 15.9 13.7 2.3 
1 11 2.093 2.121 1.4 15.0 13.8 1.2 
2 4 2.172 2.211 1.8 11.8 10.2 1.6 
2 11 2.141 2.135 0.3 13.0 13.3 0.3 
3 4 2.122 2.180 2.7 13.8 11.5 2.3 
3 11 2.208 2.198 0.4 10.3 10.7 0.4 
4 4 2.252 2.268 0.7 8.5 7.9 0.6 
4 11 2.240 2.226 0.6 9.0 9.6 0.6 
5 4 2.237 2.229 0.4 9.1 9.5 0.3 
5 11 2.268 2.245 1.0 7.9 8.8 0.9 
6 4 2.298 2.305 0.3 6.7 6.4 0.3 
6 11 2.289 2.287 0.1 7.0 7.1 0.1 
7 4 2.286 2.283 0.1 7.1 7.3 0.1 
7 11 2.284 2.253 1.3 7.2 8.5 1.3 
8 4 2.316 2.273 1.8 5.9 7.7 1.7 
8 11 2.313 2.324 0.5 6.1 5.6 0.4 
9 4 2.265 2.247 0.8 8.0 8.7 0.7 
9 11 2.267 2.255 0.5 7.9 8.4 0.5 
10 4 2.273 2.236 1.6 7.7 9.2 1.5 
10 11 2.301 2.301 0.0 6.5 6.5 0.0 
Average 1.5  1.2 
Average (after 2 passes) 0.8  0.7 
Average (after 3 passes) 0.7  0.6 
 
155 
 
 
Figure 6-29 Comparison of Gmb values obtained from cores and from GPR data 
collected on dry pavement. 
 
Figure 6-30 Comparison of air void contents obtained from cores and from GPR data 
collected on dry pavement. 
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Table 6-7, Figure 6-31, and Figure 6-32 show the density estimation results when 
100 mL water was sprayed on the asphalt pavement. Before the application of 
correction algorithm, the average error of Gmb estimation for all the 22 locations was 2.4% 
which was higher than the average Gmb estimation error on dry pavement shown in 
Table 6-6. This was mainly caused by the additional source of error which was 
introduced by spraying the water. After the application of the correction algorithm, the 
average error dropped to 1.6%. The average error of Gmb estimation after 2 roller 
passes dropped from 1.4% to 0.9% after the algorithm (the difference of Va dropped 
from 1.3% to 0.8%). The average error of Gmb estimation after 3 roller passes dropped 
from 1.2% to 0.8% after the algorithm (the difference of Va dropped from 1.1% to 0.7%). 
As shown in Figure 6-31 and Figure 6-32, the difference between the red curve and 
black curve represents the error of density estimation before the correction algorithm. 
After the correction algorithm, the density estimation results are represented by the blue 
curve, which is closer to the red curve, indicating the reduction of errors. 
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Table 6-7 Densities Obtained from GPR Data after Spraying 100 mL Water 
Section 
No. 
Grid 
No. 
Gmb 
before 
Corre-
ction 
Gmb 
after 
Corre-
ction 
Gmb 
Error 
before 
Corre-
ction 
(%) 
Gmb 
Error 
after 
Corre-
ction 
(%) 
Va (%) 
before 
Corre-
ction 
Va (%) 
after 
Corre-
ction 
Differe-
nce of 
Va (%) 
before 
Corre-
ction 
Differe-
nce of 
Va (%) 
after 
Corre-
ction 
0 4 2.129 2.077 9.3 6.7 13.5 15.6 7.4 5.3 
0 11 2.084 2.065 7.4 6.5 15.4 16.1 5.9 5.1 
1 4 2.179 2.134 5.3 3.1 11.5 13.3 4.4 2.6 
1 11 2.178 2.126 4.1 1.6 11.5 13.6 3.5 1.4 
2 4 2.250 2.194 3.6 1.0 8.6 10.9 3.2 0.9 
2 11 2.152 2.099 0.5 2.0 12.6 14.7 0.4 1.7 
3 4 2.221 2.132 4.7 0.5 9.8 13.4 4.0 0.4 
3 11 2.244 2.156 1.7 2.3 8.8 12.4 1.5 2.1 
4 4 2.282 2.223 1.3 1.3 7.3 9.7 1.2 1.2 
4 11 2.270 2.222 1.3 0.8 7.8 9.8 1.2 0.8 
5 4 2.268 2.226 1.4 0.5 7.9 9.6 1.2 0.5 
5 11 2.265 2.235 0.1 1.4 8.0 9.2 0.1 1.3 
6 4 2.351 2.296 2.3 0.1 4.5 6.8 2.1 0.1 
6 11 2.312 2.263 1.0 1.1 6.1 8.1 0.9 1.1 
7 4 2.310 2.286 1.0 0.0 6.2 7.2 1.0 0.0 
7 11 2.295 2.275 0.5 0.4 6.8 7.6 0.5 0.4 
8 4 2.301 2.285 0.7 1.3 6.6 7.2 0.6 1.2 
8 11 2.363 2.291 2.2 0.9 4.0 6.9 2.0 0.9 
9 4 2.290 2.237 1.1 1.2 7.0 9.1 1.0 1.1 
9 11 2.301 2.294 1.5 1.2 6.6 6.8 1.4 1.1 
10 4 2.273 2.269 0.0 0.2 7.7 7.8 0.0 0.2 
10 11 2.355 2.290 2.3 0.5 4.3 7.0 2.2 0.5 
Average  2.4 1.6  2.1 1.4 
Average (after 2 passes) 1.4 0.9  1.3 0.8 
Average (after 3 passes) 1.2 0.8  1.1 0.7 
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Figure 6-31 Densities (Gmb) obtained from cores and GPR data collected after spraying 
100 mL water. 
 
Figure 6-32 Densities (air void content) obtained from cores and GPR data collected 
after spraying 100 mL water. 
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Similarly, when 150 mL water was sprayed on the pavement, the density 
estimation results are shown in Table 6-8, Figure 6-33, and Figure 6-34. The application 
of the correction algorithm reduced the average Gmb estimation error after 2 roller 
passes from 2.4% to 0.9%. The algorithm reduced the average Gmb estimation error 
after 3 roller passes from 2.2% to 0.8%. The average difference of Va estimation after 2 
roller passes was reduced from 2.2% to 0.9%. The average difference of Va estimation 
after 3 roller passes was reduced from 2.0% to 0.7%. As can be seen from Figure 6-33 
and Figure 6-34, the blue curve, which represents the densities results (Gmb and Va) 
from GPR after correction, is closer to the red curve, which represents the densities 
results (Gmb and Va) from cores, than the black curve, which represents the density 
results (Gmb and Va) from GPR before correction. 
  
160 
 
 
Table 6-8 Densities Obtained from GPR Data after Spraying 150 mL Water 
Section 
No. 
Grid 
No. 
Gmb 
before 
Corre-
ction 
Gmb 
after 
Corre-
ction 
Gmb 
Error 
before 
Corre-
ction 
(%) 
Gmb 
Error 
after 
Corre-
ction 
(%) 
Va (%) 
before 
Corre-
ction 
Va (%) 
after 
Corre-
ction 
Differe-
nce of 
Va (%) 
before 
Corre-
ction 
Differe-
nce of 
Va (%) 
after 
Corre-
ction 
0 4 2.140 2.089 9.9 7.3 13.1 15.1 7.8 5.8 
0 11 2.099 2.077 8.2 7.1 14.8 15.6 6.5 5.6 
1 4 2.188 2.156 5.7 4.2 11.1 12.4 4.8 3.5 
1 11 2.175 2.120 3.9 1.3 11.6 13.9 3.4 1.1 
2 4 2.292 2.164 5.5 0.4 6.9 12.1 4.9 0.3 
2 11 2.189 2.093 2.2 2.3 11.1 15.0 2.0 2.0 
3 4 2.252 2.149 6.1 1.3 8.5 12.7 5.3 1.1 
3 11 2.259 2.144 2.3 2.9 8.3 12.9 2.1 2.6 
4 4 2.327 2.225 3.3 1.2 5.5 9.6 3.0 1.1 
4 11 2.299 2.225 2.6 0.7 6.6 9.6 2.4 0.6 
5 4 2.320 2.247 3.7 0.4 5.8 8.7 3.4 0.4 
5 11 2.297 2.227 1.3 1.8 6.7 9.5 1.2 1.6 
6 4 2.372 2.298 3.2 0.0 3.7 6.7 3.0 0.0 
6 11 2.324 2.274 1.5 0.7 5.6 7.6 1.4 0.6 
7 4 2.329 2.275 1.9 0.5 5.4 7.6 1.7 0.5 
7 11 2.312 2.275 1.2 0.4 6.1 7.6 1.1 0.4 
8 4 2.322 2.294 0.2 1.0 5.7 6.8 0.2 0.9 
8 11 2.357 2.281 1.9 1.4 4.2 7.4 1.8 1.3 
9 4 2.324 2.256 2.6 0.4 5.6 8.4 2.4 0.4 
9 11 2.335 2.304 3.0 1.6 5.2 6.4 2.8 1.5 
10 4 2.303 2.269 1.3 0.2 6.5 7.8 1.2 0.2 
10 11 2.358 2.290 2.4 0.5  4.2 7.0 2.3 0.5 
Average  3.4 1.7  2.9 1.4 
Average (after 2 passes) 2.4 0.9  2.2 0.9 
Average (after 3 passes) 2.2 0.8  2.0 0.7 
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Figure 6-33 Densities (Gmb) obtained from cores and GPR data collected after spraying 
150 mL water. 
 
Figure 6-34 Densities (air void content) obtained from cores and GPR data collected 
after spraying 150 mL water. 
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The density estimation results when 200 mL water was sprayed are shown in 
Table 6-9, Figure 6-35, and Figure 6-36. At the location of section 8 grid 11, the air void 
content Va before the correction algorithm was less than 0 because of the elevated Gmb 
value caused by the larger reflection amplitude. When plotting the air void content in 
Figure 6-36, the value of Va at that location was plotted as 0, and when calculating the 
average errors shown in Table 6-9, the data of section 8 and grid 11 was excluded from 
the calculation. 
Table 6-9 shows that the average Gmb estimation error dropped from 5.6% to 0.9% 
after 2 roller passes and from 4.9% to 0.7% after 3 roller passes after the application of 
the correction algorithm. The average difference of Va estimation dropped from 5.2% to 
0.9% after 2 roller passes and from 4.9% to 0.7% after 3 roller passes after the 
application of the correction algorithm. As can be seen from Figure 6-35 and Figure 
6-36, the initial differences between the density results from GPR and the density 
results from cores were high (the black curve is far away from the red curve). After 
application of the correction algorithm, the errors reduced as the blue curve is closer to 
the red curve. 
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Table 6-9 Densities Obtained from GPR Data after Spraying 200 mL Water 
Section 
No. 
Grid 
No. 
Gmb 
before 
Corre-
ction 
Gmb 
after 
Corre-
ction 
Gmb 
Error 
before 
Corre-
ction 
(%) 
Gmb 
Error 
after 
Corre-
ction 
(%) 
Va (%) 
before 
Corre-
ction 
Va (%) 
after 
Corre-
ction 
Differe-
nce of 
Va (%) 
before 
Corre-
ction 
Differe-
nce of 
Va (%) 
after 
Corre-
ction 
0 4 2.208 2.107 13.4 8.2 10.3 14.4 10.6 6.5 
0 11 2.175 2.101 12.2 8.3 11.6 14.6 9.6 6.6 
1 4 2.215 2.143 7.0 3.6 10.0 13.0 5.9 3.0 
1 11 2.212 2.127 5.7 1.6 10.1 13.6 4.9 1.4 
2 4 2.391 2.167 10.1 0.2 2.9 12.0 8.9 0.2 
2 11 2.289 2.073 6.9 3.2 7.0 15.8 6.0 2.8 
3 4 2.327 2.157 9.6 1.7 5.5 12.4 8.3 1.4 
3 11 2.335 2.153 5.7 2.5 5.2 12.5 5.2 2.2 
4 4 2.405 2.213 6.8 1.7 2.3 10.1 6.2 1.6 
4 11 2.398 2.231 7.0 0.4 2.6 9.4 6.4 0.4 
5 4 2.380 2.234 6.4 0.2 3.3 9.3 5.8 0.2 
5 11 2.363 2.243 4.2 1.1 4.0 8.9 3.9 1.0 
6 4 2.461 2.300 7.1 0.1 0.1 6.6 6.6 0.1 
6 11 2.423 2.271 5.8 0.8 1.6 7.8 5.4 0.8 
7 4 2.369 2.270 3.6 0.7 3.8 7.8 3.4 0.6 
7 11 2.366 2.277 3.6 0.3 3.9 7.5 3.3 0.3 
8 4 2.432 2.311 5.0 0.2 1.2 6.1 4.7 0.2 
8 11 2.514 2.326 8.7 0.6 -2.1 5.5 8.2 0.5 
9 4 2.349 2.234 3.7 1.4 4.6 9.3 3.4 1.3 
9 11 2.393 2.289 5.6 1.0 2.8 7.0 5.1 0.9 
10 4 2.391 2.295 5.2 0.9 2.9 6.8 4.8 0.9 
10 11 2.418 2.277 5.1 1.1 1.8 7.5 4.7 1.0 
Average  6.7 1.8  5.9 1.6 
Average (after 2 passes) 5.6 0.9  5.2 0.9 
Average (after 3 passes) 5.3 0.8  4.9 0.7 
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Figure 6-35 Densities (Gmb) obtained from cores and GPR data collected after spraying 
200 mL water. 
 
Figure 6-36 Densities (air void content) obtained from cores and GPR data collected 
after spraying 200 mL water. 
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The density estimation results when 300 mL water was sprayed are shown in 
Table 6-10, Figure 6-37, and Figure 6-38. The increase in Gmb values was extremely 
high. Before application of the correction algorithm, the Gmb values were even higher 
than the Gmm value. Thus, the air void content values Va before the correction algorithm 
are not shown. As can be seen from Table 6-10, the average Gmb estimation error after 
the correction algorithm was 2.2% after 2 roller passes and 2.0% after 3 passes. The 
average difference of Va estimation after the correction algorithm was 2.0% after 2 roller 
passes and 1.9% after 3 passes. This indicates the algorithm was also effective in the 
extreme case when large amount of surface moisture existed. 
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Table 6-10 Densities Obtained from GPR Data after Spraying 300 mL Water 
Section 
No. 
Grid No. 
Gmb 
before 
Corre-
ction 
Gmb after 
Corre-
ction 
Gmb Error 
before 
Corre-
ction (%) 
Gmb Error 
after 
Corre-
ction (%) 
Va (%) 
after 
Corre-
ction 
Differe-
nce of Va 
(%) after 
Corre-
ction 
0 4 4.396 2.054 125.8 5.5 16.6 4.3 
0 11 4.282 2.043 120.8 5.3 17.0 4.2 
1 4 5.173 2.174 150.0 5.1 11.7 4.2 
1 11 4.984 2.139 138.1 2.2 13.1 1.9 
2 4 5.415 2.222 149.3 2.3 9.8 2.0 
2 11 4.599 2.079 114.8 2.9 15.6 2.5 
3 4 5.534 2.246 160.8 5.9 8.8 5.1 
3 11 5.490 2.237 148.7 1.3 9.1 1.2 
4 4 5.230 2.185 132.2 3.0 11.2 2.7 
4 11 5.521 2.244 146.5 0.2 8.9 0.2 
5 4 5.863 2.318 162.0 3.6 5.9 3.3 
5 11 5.567 2.253 145.5 0.6 8.5 0.6 
6 4 5.455 2.230 137.4 3.0 9.4 2.8 
6 11 5.576 2.255 143.5 1.5 8.4 1.4 
7 4 5.901 2.326 158.1 1.8 5.5 1.6 
7 11 5.953 2.338 160.6 2.4 5.0 2.2 
8 4 5.726 2.288 147.3 1.2 7.1 1.1 
8 11 5.768 2.297 149.4 0.7 6.7 0.6 
9 4 5.459 2.231 141.0 1.5 9.4 1.4 
9 11 5.914 2.329 160.9 2.8 5.4 2.6 
10 4 5.870 2.320 158.2 2.0 5.8 1.9 
10 11 5.326 2.204 131.4 4.2 10.5 4.0 
Average  144.6 2.7  2.4 
Average (after 2 passes) 149.0 2.2  2.0 
Average (after 3 passes) 148.1 2.0  1.9 
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Figure 6-37 Densities (Gmb) obtained from cores and GPR data collected after spraying 
300 mL water.
 
Figure 6-38 Densities (air void content) obtained from cores and GPR data collected 
after spraying 300 mL water. 
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Overall, the application of the correction algorithm successfully eliminated the 
effect of surface moisture and extracted the density information. The density values 
obtained from GPR data after applying the correction algorithm were reasonably 
accurate. 
6.5 Statistical Analysis of the Experimental Results 
A statistical analysis of errors of reflection amplitudes and of the Gmb values was 
conducted. The results were shown in Table 6-11. Figure 6-39 shows the boxplots of 
errors of reflection amplitudes before and after the correction algorithm when different 
amounts of water were sprayed. The upper bound of the box represents the 75% 
quantile value and the lower bound of the box represents the 25% quantile value. The 
red line in the box represents the median value, or 50% quantile value. The upper bar 
outside the box represents the maximum value and the lower bar outside the box 
represents the minimum value. The “+” sign in red color represents the outliers in the 
data set. As can be seen from the figure, in all the cases, the errors were reduced after 
applying the correction algorithm. The standard deviation values were also reduced. 
Similarly, the boxplots of Gmb errors before and after the correction algorithm when 
different amounts of water were sprayed were shown in Figure 6-40 and Figure 6-41. As 
can be seen from Figure 6-40, the outliers were mainly from the data at the first 2 
passes. The errors were also reduced after applying the correction algorithm. The case 
when spraying 300 mL water was separately shown in Figure 6-41 because of the huge 
difference of the errors. Before applying the correction algorithm, the reflection 
amplitude increased dramatically because of the large amount of surface moisture so 
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the errors of the calculated Gmb values were unreasonably high. After the application of 
the correction algorithm, the errors were brought to reasonable values. 
Table 6-11 Statistical Analysis of Errors of Reflection Amplitude and Errors of Gmb 
Amount of 
Sprayed Water 
(mL) 
100-
before 
Corr. 
100-
after 
Corr. 
150-
before 
Corr. 
150-
after 
Corr. 
200-
before 
Corr. 
200-
after 
Corr. 
300-
before 
Corr. 
300-
after 
Corr. 
Error 
of 
Amp. 
(%) 
Average 1.9 1.0 2.9 1.3 5.9 1.4 14.3 2.3 
Median 1.8 0.7 3.0 1.0 5.6 1.1 13.8 2.4 
Standard 
Deviation 
0.9 0.8 0.9 0.9 1.5 1.3 3.6 1.3 
t-Test (2-
tail) Prob. 
4.62E-03 8.51E-07 4.29E-14 7.82E-13 
Error 
of 
Gmb 
(%) 
Average 2.4 1.6 3.4 1.7 6.7 1.8 144.7 2.7 
Median 1.5 1.2 2.6 1.1 6.1 1.1 146.9 2.4 
Standard 
Deviation 
2.4 1.8 2.4 2.0 2.6 2.3 13.5 1.7 
t-Test (2-
tail) Prob. 
1.17E-02 7.00E-05 8.39E-11 6.51E-23 
 
 
Figure 6-39 Boxplots of the errors of reflection amplitudes before and after the 
correction algorithm when different amounts of water were sprayed. 
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Figure 6-40 Boxplots of the Gmb errors before and after the correction algorithm when 
different amounts of water were sprayed (the cases of spraying 300mL excluded). 
 
Figure 6-41 Boxplots of the Gmb errors before and after the correction algorithm 
when 300mL water was sprayed. 
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CHAPTER 7 FIELD TESTING 
Using the GPR setup shown in Figure 3-14, GPR data was collected in a asphalt 
pavement construction site. The description of the test site, the data collection 
procedure, and the data analysis results are presented in this section. 
7.1 Description of the Field Test Site 
The construction site was located on East Main Street in Danville Illinois. Two 
layers of asphalt mixture were placed on top of an existing asphalt pavement. A leveling 
binder course was first placed on the existing asphalt pavement. Then, a surface course 
was placed over the leveling binder course. The mix design information of the two 
asphalt layers is shown in Table 7-1. The two mixtures were both fine graded. The 
leveling binder layer had a design thickness of 1.75 in (44.5 mm) and the surface layer 
had a design thickness of 1.5 in (38.1 mm). Before construction of the pavements, the 
construction company built a separate test pad for quality control purposes. The test 
pad was laid on an existing asphalt pavement parking lot in Urbana, Illinois. The leveling 
binder mix shown in Table 7-1 was used as the material of the test pad. GPR data was 
first collected from the test pad in Urbana and then from the construction site in Danville 
while the leveling binder layer was being constructed.   
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Table 7-1 Asphalt Mixture Design Information of the Field Test Site 
Layer Type 
Nominal 
Maximum 
Aggregate 
Size (mm) 
Gradation Binder Type 
Binder 
Content (%) 
Gmm 
Leveling 
Binder Mix 
9.5 Fine Graded PG 70-22 6.6 2.482 
Surface Mix 9.5 Fine Graded PG 70-22 5.9 2.511 
 
7.2 Data Collection on Test Pad 
There are two purposes for GPR data collection on the test pad: 
 To collect a reference scan which was needed when applying the 
reference scan approach 
 To obtain the value of dielectric constant of the aggregate, εs, which was 
needed for the density estimation model 
As shown in Figure 7-1, the asphalt mixture was laid down by a paver on the 
milled surface of the existing pavement. A compactor with vibratory steel wheels 
followed the paver to compact the asphalt mixture, as shown in Figure 7-2. GPR data 
was collected after the pavement was completely dry (approximately two hours after the 
final compaction).  As shown in Figure 7-3, two channels of GPR data were collected 
using two 2.0-GHz GSSI air-coupled antennas. Two cores were taken at the locations 
where GPR data were collected, as shown in Figure 7-4.  
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Figure 7-1 Asphalt mixture laid down by a paver. 
 
Figure 7-2 A vibratory steel roller on the asphalt pavement. 
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Figure 7-3 GPR data collection on dry pavement. 
 
Figure 7-4 Core extraction at the location of GPR measurement. 
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Using Equation (6-3) and the information shown in Table 7-1, the effective 
specific gravity of aggregate Gse could be calculated. The value of Gse was 2.7643. The 
Gmb and air void content of the two cores were measured in the laboratory using 
CoreLok method. The dielectric constant of the aggregate could be back-calculated. 
The results are shown in Table 7-2. The average value of εs from the two cores, which 
was 7.680, was used as the dielectric constant of the aggregate.  
Table 7-2 Volumetric and Dielectric Information from the Cores 
Core 
No. 
Gmm Gmb Air Void (%) 
Dielectric Constant 
from GPR 
Back-calculated εs 
1 2.482 2.252 9.3 5.658 7.771 
2 2.482 2.297 7.5 5.748 7.589 
 
Figure 7-5 and Figure 7-6 depict the two reference scans for channel 1 and 
channel 2, which were collected from the test pad in time and frequency domains. Note 
that the amplitude of channel 2 data was higher than channel 1 data because of the 
difference in the antennas. The difference did not affect the data analysis because the 
higher reflection amplitude of the signal from pavement was offset by the higher 
reflection amplitude of the signal from copper plate, which resulted in similar dielectric 
constant values calculated by Equation (2-26). As shown in Table 7-2, the dielectric 
constant values of the two channels were similar. 
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(a)       (b) 
Figure 7-5 Reference scan of channel 1: (a) time domain; (b) frequency domain. 
 
(a)       (b) 
Figure 7-6 Reference scan of channel 2: (a) time domain; (b) frequency domain. 
 
After the data collection on test pad, the dielectric constant of aggregate and the 
reference scan were obtained and could be used in the field GPR tests to determine the 
densities of asphalt pavement after each roller passes. 
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7.3 Field Testing on Construction Site 
After the asphalt mixture was laid down on the existing pavement by the paver, 
the asphalt mixture was compacted by a series of four rollers. As shown in Table 7-3, 
the first two rollers were vibratory steel rollers, the third roller was a pneumatic roller, 
and the fourth roller was a finishing roller with static steel drum. During construction, the 
GPR antennas were placed above the pavement to collect data right after the roller 
finished a pass, as shown in Figure 7-7. When data collection was finished, the 
antennas were lifted up to avoid disturbance to the operation of rollers. After final 
compaction, a nuclear density gauge was used to check the densities of the two 
locations for GPR data collection, as shown in Figure 7-9 (a). After that, the cores were 
extracted from the two locations, as shown in Figure 7-9 (b). The densities obtained 
from GPR, nuclear density gauge, and cores were compared for validation purposes. 
Table 7-3 Descriptions of Compactors in the Field Construction 
Compactor No. Type Model Compaction Width 
1 Vibratory steel roller Ingersoll Rand DD-118HF 78.7 in (200 cm) 
2 Vibratory steel roller Ingersoll Rand DD-90HF 66 in (168 cm) 
3 Pneumatic roller Caterpillar PS150C 68 in (173 cm) 
4 Static steel roller NA 48 in (122 cm) 
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Figure 7-7 GPR data collection during compaction. 
 
Figure 7-8 GPR antennas raised up to avoid disruption to roller. 
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(a)       (b) 
Figure 7-9 Density check using: (a) nuclear density gauge; (b) cores. 
 
The GPR data collected through channel 1 was first analyzed. The surface 
reflection amplitude was plotted after each roller in Figure 7-10. The four compactors 
had 18 roller passes on the GPR data collection locations. The 1st, 2nd, 3rd, and 4th 
compactor had 3, 8, 5, and 2 roller passes, respectively.  
As shown in Figure 7-10, the reflection amplitude increased dramatically at the 
1st roller pass. The increase of the reflection amplitude became gradual after the 1st 
roller pass. At 13th roller pass, a second dramatic increase was found and the 
amplitudes after 13th roller pass decreased. During the data collection, it was observed 
that the 3rd compactor sprayed a large amount of water on the roller and noticeable 
water remained on the pavement at 13th roller pass. Therefore, the dramatic increase at 
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13th roller pass was greatly attributed to the large amount of surface moisture on the 
pavement. 
 
Figure 7-10 Amplitudes of pavement surface reflection after different number of roller 
passes from channel 1 GPR data. 
 
The correction algorithm was applied on the GPR data to remove the effect of 
surface moisture. The reference scan approach was used following the procedure 
described in Section 6.3. The GPR signal shown in Figure 7-5 was used as the 
reference scan for channel 1. Figure 7-11 depicts the reflection amplitudes before and 
after the correction algorithm. It can be seen that all the reflection amplitudes decreased 
after the application of the correction algorithm, with one exception at 4th roller pass. 
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The small amount of increase of the reflection amplitude at 4th roller pass was possibly 
caused by the acceptable inaccuracy of the correction algorithm.  
At the 13th and 14th roller passes, the reflection amplitudes decreased much 
more after the correction algorithm compared with the reflection amplitudes at other 
roller passes. The compactor sprayed much more water at the 13th and 14th roller 
passes which resulted in higher increase of the reflection amplitude and the correction 
algorithm removed a larger portion of the increase of amplitude caused by the surface 
moisture. Therefore the reduction of reflection amplitude was larger. 
 
Figure 7-11 Amplitudes of pavement surface reflection after different number of roller 
passes from channel 1 GPR data: before and after correction algorithm. 
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Details of the correction process on GPR signals at 13th and 14th roller passes 
are illustrated in Figure 7-12 to Figure 7-15.  As shown in Figure 7-12, the reference 
scan for channel 1 collected from the test pad, as shown in Figure 7-5 (b), was plotted 
with the surface reflection in the GPR signal collected from wet pavement in frequency 
domain. The correction factor was calculated at the frequency at 1.1 GHz. By 
multiplying the reference scan with the correction factor, a new signal was obtained, 
which was plotted as the red curve in Figure 7-12. The new signal was the signal after 
correction in which the effect of surface moisture was removed. The signal after 
correction should resemble the signal collected from the dry pavement. The frequency-
selective effect is obvious in Figure 7-12. The time domain signals were obtained by 
applying inverse the Fourier transform, as shown in Figure 7-13. The reflection 
amplitude was reduced by 4% after the correction algorithm was applied. For the GPR 
data collected at 14th roller pass, the signal after correction in frequency domain is 
shown as the red curve in Figure 7-14. The signals before and after correction in time 
domain are shown in Figure 7-15. The reflection amplitude was reduced by 3% after the 
correction algorithm was applied. 
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Figure 7-12 Correction algorithm applied on channel 1 GPR signal at 13th roller pass - 
frequency domain. 
 
Figure 7-13 Correction algorithm applied on channel 1 GPR signal at 13th roller pass - 
time domain. 
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Figure 7-14 Correction algorithm applied on channel 1 GPR signal at 14th roller pass - 
frequency domain. 
 
Figure 7-15 Correction algorithm applied on channel 1 GPR signal at 14th roller pass - 
time domain. 
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After applying the correction algorithm, the reflection amplitudes were corrected. 
The dielectric constant corresponding to each roller pass was then obtained. The 
density of asphalt mixture was obtained after each roller pass using the ALL model. 
Table 7-4 summarizes the results of density estimation. The initial air void content of 
loose mixture before compaction was 15.4%, the air void after final roller pass was 5.6% 
before the application of the correction algorithm, and 6.0% after the correction 
algorithm. The density estimation result at the final roller pass was compared with the 
results from cores and from the nuclear density gauge. As shown in Table 7-5, the Gmb 
value obtained from the core was 2.305. The Gmb value obtained from nuclear density 
gauge was 2.338 with an error of 1.4%. The Gmb value obtained from GPR signal 
without the correction algorithm was 2.344 with an error of 1.7%. The Gmb value 
obtained from GPR signal after the correction algorithm was 2.332 with an error of 1.2%. 
The air void content values obtained from different methods are shown in Table 7-6. 
The air void content obtained from the core was 7.1%. The air void content obtained 
from nuclear density gauge was 5.8% which was 1.3% lower than the value from the 
core. The air void content was 5.6% from the GPR signal without the correction 
algorithm, which was 1.5% lower that the value from the core and 6.0% from the GPR 
signal after the correction algorithm, which was 1.1% lower than the value from the core. 
Using the GPR and correction algorithm resulted in a more accurate estimation of the 
density of the asphalt mixture than using the nuclear density gauge. 
Figure 7-16 shows the change of dielectric constant values with a different 
number of roller passes. Figure 7-17and Figure 7-18 show the Gmb and air void content 
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values obtained from GPR at different roller passes. The density information of the 
asphalt mixture after compaction obtained from the nuclear density gauge and the core 
is also shown in Figure 7-17 and Figure 7-18. 
 
Table 7-4 Calculation of Densities of Asphalt Mixture after Different Number of Roller 
Passes Using GPR Data from Channel 1 
Compactor 
No. 
Roller 
Pass 
No. 
Dielectric  
Constant 
before 
Correction 
Algorithm 
Dielectric  
Constant 
after 
Correction 
Algorithm 
Gmb 
before 
Correction 
Algorithm 
Gmb after 
Correction 
Algorithm 
Air Void 
(%) before 
Correction 
Algorithm 
Air Void 
(%) after 
Correction 
Algorithm 
NA 0 4.740 4.740 2.100 2.100 15.4 15.4 
1 
1 5.505 5.462 2.234 2.225 10.0 10.3 
2 5.671 5.659 2.268 2.265 8.6 8.7 
3 5.653 5.584 2.264 2.250 8.8 9.4 
2 
4 5.542 5.573 2.242 2.248 9.7 9.4 
5 5.664 5.651 2.266 2.264 8.7 8.8 
6 5.723 5.676 2.279 2.269 8.2 8.6 
7 5.680 5.627 2.270 2.259 8.6 9.0 
8 5.829 5.763 2.301 2.287 7.3 7.9 
9 5.778 5.736 2.290 2.281 7.7 8.1 
10 5.735 5.713 2.281 2.277 8.1 8.3 
11 5.880 5.838 2.312 2.303 6.8 7.2 
3 
12 5.753 5.732 2.285 2.280 7.9 8.1 
13 6.263 5.761 2.397 2.287 3.4 7.9 
14 6.202 5.843 2.383 2.304 4.0 7.2 
15 6.005 5.891 2.339 2.314 5.8 6.8 
16 6.005 5.944 2.339 2.326 5.8 6.3 
4 
17 6.014 5.968 2.341 2.331 5.7 6.1 
18 6.025 5.974 2.343 2.332 5.6 6.0 
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Table 7-5 Accuracy of the Gmb Measurement Using Channel 1 GPR Data and Nuclear 
Density Gauge 
Core 
Nuclear 
Density Gauge 
Error 
(%) 
GPR before 
Correction Algorithm 
Error 
(%) 
GPR after 
Correction 
Algorithm 
Error 
(%) 
2.305 2.338 1.4 2.344 1.7 2.332 1.2 
 
Table 7-6 Accuracy of Air Void Content (%) Measurement Using Channel 1 GPR Data 
and Nuclear Density Gauge 
Core 
Nuclear 
Density 
Gauge 
Difference 
GPR before 
Correction 
Algorithm 
Difference 
GPR after 
Correction 
Algorithm 
Difference 
7.1 5.8 1.3 5.6 1.6 6.0 1.1 
 
 
Figure 7-16 The dielectric constant values after different number of roller passes from 
channel 1 GPR data: before and after correction algorithm. 
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Figure 7-17 The Gmb values after different number of roller passes from channel 1 GPR 
data: before and after correction algorithm. 
 
Figure 7-18 The air void contents after different number of roller passes from channel 1 
GPR data: before and after correction algorithm. 
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For the GPR data collected through channel 2, the amplitudes of the raw GPR 
data are plotted in Figure 7-19. The amplitude increased dramatically at the 1st roller 
pass and the increase became gradual after the 1st roller pass. At 13th roller pass, the 
amplitude increased dramatically because of the large amount of sprayed water. The 
amplitude decreased after the 13th roller pass.  
 
Figure 7-19 Amplitudes of pavement surface reflection after different number of roller 
passes from channel 2 GPR data. 
 
After application of the correction algorithm using the reference scan approach 
with the reference scan shown in Figure 7-6, the reflection amplitudes decreased, as 
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shown in Figure 7-20. The only two exceptions were at the 3rd and 4th roller passes 
where the amplitudes slightly increased. The effect of the correction algorithm was most 
obvious at 13th and 14th roller passes where the largest amounts of surface moisture 
existed.  
 
Figure 7-20 Amplitudes of pavement surface reflection after different number of roller 
passes from channel 2 GPR data: before and after correction algorithm. 
 
Details of the correction process on GPR signals at 13th and 14th roller passes 
using reference scan approach are shown in Figure 7-21 to Figure 7-24. A correction 
factor was obtained by comparing the amplitudes of reference scan and wet scan at 1.1 
GHz in frequency domain. The signal after correction was obtained by multiplying the 
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reference scan with the correction factor. As shown in Figure 7-21, the frequency-
selective effect was observed: The lower frequency components of the wet signal and 
signal after correction were almost the same. The time domain signal was obtained 
using inverse Fourier transform. As shown in Figure 7-22, the reflection amplitude 
decreased by 5% after the correction algorithm. For the signal at the 14th roller pass, 
the frequency spectrum of the surface reflection pulse is plotted in Figure 7-23. The time 
domain signal is shown in Figure 7-24. The reduction of the amplitude after the 
correction algorithm was 3%. 
 
Figure 7-21 Correction algorithm applied on channel 2 GPR signal at 13th roller pass - 
frequency domain. 
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Figure 7-22 Correction algorithm applied on channel 2 GPR signal at 13th roller pass - 
time domain. 
 
Figure 7-23 Correction algorithm applied on channel 2 GPR signal at 14th roller pass - 
frequency domain. 
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Figure 7-24 Correction algorithm applied on channel 2 GPR signal at 14th roller pass - 
time domain. 
 
After correction of the reflection amplitude, the values of dielectric constant, Gmb 
and air void content Va could be obtained. The results are shown in Table 7-7. The air 
void content decreased from 15.7% at 0th roller pass, when the asphalt pavement was 
loose mixture, to 7.9% at 18th pass, when the final compaction was completed, using 
GPR data after application of the correction algorithm. The density result at 18th pass 
from GPR was compared with the density results from nuclear density gauge and cores, 
as shown in Table 7-8 and Table 7-9, respectively. The Gmb value from nuclear density 
gauge had an error of 2.7%. The error of Gmb value from GPR data before correction 
algorithm was 0.8%. The error was reduced to 0.3% after the application of correction 
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algorithm. The difference of air void compared with the value from the core was 2.5%, 
0.7% and 0.3% using nuclear density gauge, GPR signal before correction, and GPR 
signal after correction, respectively. Similar to channel 1 data, the density results from 
GPR after correction algorithm was more accurate than the results obtained from the 
nuclear density gauge. The dielectric constant values at different roller passes are 
shown in Figure 7-25. The Gmb and air void content Va values are plotted in Figure 7-26 
and Figure 7-27. 
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Table 7-7 Calculation of Densities of Asphalt Mixture after Different Number of Roller 
Passes Using GPR Data from Channel 2 
Compactor 
No. 
Roller 
Pass 
No. 
Dielectric  
Constant 
before 
Correction 
Algorithm 
Dielectric  
Constant 
after 
Correction 
Algorithm 
Gmb 
before 
Correction 
Algorithm 
Gmb after 
Correction 
Algorithm 
Air Void 
(%) before 
Correction 
Algorithm 
Air Void 
(%) after 
Correction 
Algorithm 
NA 0 4.684 4.684 2.092 2.092 15.7 15.7 
1 
1 5.384 5.386 2.210 2.211 10.9 10.9 
2 5.485 5.449 2.230 2.223 10.2 10.4 
3 5.496 5.522 2.232 2.238 10.1 9.9 
2 
4 5.522 5.555 2.237 2.244 9.9 9.6 
5 5.640 5.562 2.261 2.246 8.9 9.5 
6 5.626 5.549 2.258 2.243 9.0 9.6 
7 5.693 5.631 2.272 2.260 8.4 9.0 
8 5.712 5.690 2.276 2.272 8.3 8.5 
9 5.714 5.686 2.277 2.271 8.3 8.5 
10 5.690 5.652 2.272 2.264 8.5 8.8 
11 5.795 5.638 2.294 2.261 7.6 8.9 
3 
12 5.747 5.633 2.284 2.260 8.0 8.9 
13 6.383 5.759 2.424 2.286 2.3 7.9 
14 6.054 5.748 2.350 2.284 5.3 8.0 
15 5.954 5.771 2.328 2.289 6.2 7.8 
16 5.923 5.773 2.321 2.289 6.5 7.8 
4 
17 5.875 5.761 2.311 2.287 6.9 7.9 
18 5.878 5.758 2.312 2.286 6.9 7.9 
 
Table 7-8 Accuracy of the Gmb Measurement Using Channel 2 GPR and Nuclear 
Density Gauge 
Core 
Nuclear 
Density Gauge 
Error 
(%) 
GPR before 
Correction Algorithm 
Error 
(%) 
GPR after 
Correction 
Algorithm 
Error 
(%) 
2.294 2.356 2.7 2.312 0.8 2.286 0.3 
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Table 7-9 Accuracy of Air Void Content (%) Measurement Using Channel 2 GPR and 
Nuclear Density Gauge 
Core 
Nuclear 
Density 
Gauge 
Difference 
GPR before 
Correction 
Algorithm 
Difference 
GPR after 
Correction 
Algorithm 
Difference 
7.6 5.1 2.5 6.9 0.7 7.9 0.3 
 
 
Figure 7-25 The dielectric constant values after different number of roller passes from 
channel 2 GPR data: before and after correction algorithm. 
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Figure 7-26 The Gmb values after different number of roller passes from channel 2 GPR 
data: before and after correction algorithm. 
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Figure 7-27 The air void contents after different number of roller passes from channel 2 
GPR data: before and after correction algorithm. 
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CHAPTER 8 FINDINGS AND CONCLUSIONS 
8.1 Summary 
Compaction is a critical process for the construction of asphalt pavement. During 
compaction, the density of asphalt mixture increases to the prescribed density level. 
Over-compaction and under-compaction should be avoided because they both result in 
downgraded asphalt pavement. This study aims to develop a tool to monitor the density 
of asphalt pavement during compaction using GPR. GPR has many advantages over 
current techniques, such as coring and nuclear density gauge, and it has been 
successfully applied to estimate the density of asphalt pavement using the ALL density 
estimation model. However, the unknown effect of surface moisture on GPR data during 
compaction remains a significant challenge. This effect prevents the direct application of 
the ALL model, which is designed for use on dry asphalt mixtures. Therefore, this study 
focuses on the development of algorithms for processing and interpreting GPR data 
collected from asphalt pavement during compaction and obtaining density information 
after each roller pass. The algorithms should be able to eliminate the effect of surface 
moisture while keeping the density information. 
A comprehensive literature review was conducted on asphalt pavement 
compaction, current and emerging techniques for pavement compaction monitoring, 
principles of GPR technology, and existing applications of GPR on asphalt pavement. 
To achieve the research objective, three research approaches were adopted, including 
numerical modeling, laboratory experiments, and field tests.  
Numerical modeling was performed using the FDTD method. A calibration 
process was conducted and an equivalent excitation source was developed to ensure 
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an accurate match between the simulated GPR signal and the real GPR signal. The 
calibrated FDTD model simulated the propagation of GPR waves within the asphalt 
pavement when the densities of asphalt pavement and surface moisture contents varied. 
The difference between the effect of density variation and effect of surface moisture 
variation on GPR signal was found in frequency domain, which was referred to as 
“frequency-selective effect”. This effect was verified by the realistic GPR data from 
laboratory experiments.  
Based on the difference between the density effect and surface moisture effect 
on GPR signal, a correction algorithm was developed using a “reference scan approach” 
to “correct” the GPR signal collected from “wet” asphalt pavement to “resemble” a GPR 
signal collected from “dry” asphalt pavement. The correction algorithm was applied on 
the GPR data collected from asphalt pavement with different densities and different 
surface moisture contents. It was found that the algorithm successfully eliminated the 
effect of surface moisture on the surface reflection amplitude in GPR data with high 
accuracy. A total of 22 cores were taken from the laboratory test site and their densities 
were measured in the laboratory. The density results collected from the GPR data were 
compared with the density results from the cores. It was found that the density 
estimation had improved accuracy after the application of the correction algorithm, 
indicating the effectiveness of the correction algorithm. 
Field tests were conducted during the construction of asphalt pavement to 
validate the algorithms developed in this study. A separate test pad was built prior to 
actual construction. GPR data was collected from the test pad to obtain the reference 
scan which was needed for the correction algorithm and the back-calculated dielectric 
201 
 
constant value of aggregate which was needed for the ALL density model. During the 
actual construction of the asphalt pavement, GPR data was collected after each roller 
pass. The compaction curve was obtained, and the correction algorithm successfully 
eliminated the effect of surface moisture during compaction. The density results 
obtained after the final compaction from GPR, nuclear density gauge, and cores were 
compared. Density results from GPR were found to have higher accuracy than the 
results from nuclear density gauge after applying the algorithms developed in this study. 
8.2 Findings 
The main findings of this study are summarized in the following: 
 Calibration is necessary for FDTD simulation of GPR wave propagation. 
The commonly used Gaussian function and Gaussian derivative functions 
cannot generate the GPR signal that exactly simulates the real GPR 
signal. In this study, by using the equivalent excitation function and the 
DWT de-noising technique, the simulated GPR signal matched the real 
GPR signal accurately. It should be noted that this excitation function is 
only valid for the GPR system used in this study. But the procedure of 
finding an equivalent excitation source could be applied to any other GPR 
systems.  
 The difference between the effect of density variation and the effect of 
surface moisture content variation on GPR signals was found. Although it 
was difficult to distinguish one effect from the other in time domain, the 
difference between the two effects was obvious in frequency domain. In 
the frequency spectrums of the surface reflection pulses, the “frequency-
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selective effect” was found. The increase of the amplitude as a result of 
the increase of pavement density occurred over the entire frequency 
range, while the increase of the amplitude as a result of the increase of 
surface moisture content occurred mainly at high frequency range. The 
low frequency components were sensitive to density change but 
insensitive to the change in surface moisture. 
 Based on the frequency-selective effect, the approach of using the band-
pass filtering technique was attempted in this study. Based on the band-
pass filtering technique, a feature representing the amplitude of low 
frequency components of the surface reflection pulse was obtained. This 
feature was insensitive to the variation of the surface moisture content. 
However, it was difficult to obtain the dielectric constant and density 
values based on this feature. Therefore, this approach was not adopted in 
this study.  
 The reference scan approach was used as the correction algorithm to 
eliminate the effect of water. Based on the laboratory experimental data, 
the errors of the reflection amplitude in GPR data as a result of surface 
moisture were reduced after the application of the correction algorithm. 
The average error for the 22 locations on test site B was reduced from 
1.89% to 0.96% in the case of spraying 100 mL water, from 2.91% to 1.27% 
in the case of spraying 150 mL water, from 5.93% to 1.44% in the case of 
spraying 200 mL water, and from 14.25% to 2.3% in the case of spraying 
300 mL water. The average error for all the cases excluding the case 
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when 300 mL water was sprayed was 3.68% before the correction 
algorithm and 1.22% after the correction algorithm. 
 The correction algorithm using reference scan approach increased the 
accuracy of estimating the densities of asphalt mixture using the GPR 
data collected from pavement with surface moisture. After applying the 
correction algorithm, the average error in estimating Gmb value using the 
GPR data from locations after 2 roller passes was reduced from 1.4% to 
0.9% in the case of spraying 100 mL water, from 2.4% to 0.9% in the case 
of spraying 150 mL water, from 5.6% to 0.9% in the case of spraying 200 
mL water, and from 149.0% to 2.2% in the case of spraying 300 mL water. 
The average error for all the cases excluding the case of spraying 300 mL 
water was reduced from 3.1% to 0.9%. 
 Field test data validated the effectiveness of the algorithm. The 
compaction curve lowered down after the correction algorithm because 
the algorithm removed the effect of surface moisture. When the compactor 
sprayed a large amount of water, the surface reflection amplitude in the 
raw data increased dramatically. After the application of the correction 
algorithm, the portion of the increase in amplitude as a result of surface 
moisture was removed. The density estimation results obtained from GPR 
after the final compaction had higher accuracy than the density results 
obtained from the nuclear density gauge. 
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8.3 Conclusions 
In this study, the research objective is achieved through a comprehensive set of 
research approaches. The following conclusions are drawn: 
 The challenge caused by the unknown effect of surface moisture on GPR 
data when applying GPR on compaction monitoring was solved. 
 The frequency-selective effect was the main difference between the effect 
of density variation and effect of surface moisture on GPR signals. Based 
on the frequency-selective effect, a correction algorithm was developed 
using the reference scan approach. The correction algorithm was 
successful in eliminating the effect of surface moisture.  
 Along with the algorithm, the ALL model could accurately estimate the 
asphalt pavement density even with the existence of surface moisture, 
which enabled the GPR to monitor the density during compaction of the 
asphalt pavement. 
 
8.4 Recommendations for Further Study 
The ultimate goal of this study is to integrate the GPR system with the compactor 
so that the compactor operator can monitor the density of asphalt pavement 
continuously in real time. This study addresses the utmost challenge, which is to 
eliminate the effect of surface moisture on GPR data. To achieve the ultimate goal, 
further study is needed. The recommendations for future study are proposed below. 
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 A mounting system should be developed to mount the GPR system on the 
compactor. The way to mount the antennas should be optimized to satisfy 
both the requirement of compaction operation (GPR system should not 
interrupt compaction operation) and the GPR data collection (compactor 
operation should not affect GPR data). Research efforts should focus on 
optimizing the following variables: Locations of the antennas to be 
mounted, the height of the antennas, and the distance of the antennas to 
the compactor. A mounting system should be developed to ensure that the 
GPR system is mounted securely on the compactor. 
 The algorithms developed in this study should be further investigated 
using GPR systems with other central frequencies. The results and 
findings in this study are obtained using the GSSI 2.0-GHz antennas and 
GSSI SIR-20 data collection system. If GPR systems with other central 
frequencies are used, the optimal parameters in the algorithms may be 
different. Furthermore, the error of the density measurement is partially 
attributed to the instability of the signal and other system errors. Different 
GPR systems might have different number of samples per scan, different 
signal to noise ratio, and different signal stability. The accuracy of the 
density measurement may also be different.  
 It is recommended to incorporate the GPR data with the data from other 
sensors used in compaction monitoring such as GPS, accelerometer, and 
infrared sensor. Successful data fusion can bring potential benefits such 
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as increased detectability of problematic areas during compaction, a larger 
amount of useful information, and enhanced reliability of testing results. 
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APPENDIX A REFLECTION COEFFICIENT IN A THREE-LAYER MEDIUM 
In this chapter, the generalized reflection coefficient for a three-layer medium is 
derived. The purpose is to derive the theoretical reflection coefficients and compare with 
the reflection coefficients obtained from simulation and real measurement, when 
different moisture contents are applied. The three-layer medium is shown in Figure A-1. 
Region 0 represents air. Region 1 represents the wet AC layer. Region 2 represents the 
dry AC layer. To simply the discussion, the region 2 is considered as infinite in the –z 
direction. 
 
Figure A-1 A three-layer medium 
 
The wave in region 0 can be written as  
    =   [ 
      +     
           ] (A-1) 
where      is a reflection coefficient that is the ratio of the upgoing wave 
amplitude and the downgoing wave amplitude at z=-d0 . 
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Region 2 
μ0 , ε0 
μ1 , ε1 
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The wave in region 1 can be written as 
    =   [ 
      +     
           ] (A-2) 
where     is the Fresnel reflection coefficient for a downgoing wave in region 
1reflected by region 2 (the region 2 extends to infinity in –z direction).  
The wave in region 2 can be written as 
    =    
      (A-3) 
To solve the unknown parameters A0, A1 and A2, constraint conditions are 
imposed at three interfaces. First, at the top interface, z=-d0, the constrain condition is 
   
      =    
          +          
             (A-4) 
This is because the downgoing wave in region 1 is a consequence of the 
transmission of the downgoing wave in region 0 (term 1) and the reflection of the 
upgoing wave in region 1 (term 2). 
Second, at the top interface, z=-d0 , another constrain condition can be written 
      
      =       
       +          
             (A-5) 
This is because the upgoing wave in retion 0 is a consequence of the reflection 
of the downgoing wave region 0 and a transmission of the upgoing wave in region 1. 
From Equations (A-4) and (A-5), the relation between A0 and A1 can be solved: 
   =
      
 (     )  
1 −            (     )
 (A-6) 
Furthermore, the generalized reflection coefficient can be solved: 
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    =     +
          
    (     )
1 −        
    (     )
 (A-7) 
 
